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I. INTRODUCTION

This report presents the significant results of a two and
one half year research program conductea "y !..P,\,. under
contract number DAAD05-76-C-0757. T,. -rrimary objective of
the program was to gain an understandir6 of the underlying
physics of the impact process and to apply this knowledge in
the development of a simple model to describe the penetrator-
target interaction.

The program evolved in three distinct phases. Phase 1
dealt with the characterization of target materials. Phase 2
dealt with the development of a long rod penetrator model.
The final phase concerned the measurement of the partitioning
of energy during fracture of a penetrator specimen.

Interim reports were issued dt the end of Phase 1 and
Phase 2 (Refs. 1 and 2). Some of the work described in these
reports was incomplete, and some of the results have had to
be revised in the light of subsequent developments. It is
the purpose of this report to tie together the loose ends from
the first two phases and to present for the first time the
results of Phase 3 of the research program.

Prior to the inueption of this program, a useful tool for
the study of the impact process was under development at
A.R.A.P. This tool, called the Integral Theory of Impact,
sought to describe the impact process in as simple terms as
possible without sacrificing the essential physics which were
thought to describe the problem. Rather than worry about the
microscopic details of the interaction of two materials
during impact, it was decided to model the interaction in a
global or integral sense. In this way, a set of ordinary
rather than partial differential equations was obtained -
an attractive simplification from ')oth cost a,id time view-
points. Since the equations used in the theory retain the
essential physics of the impact process in an integral sense,

1. Donaldson, Coleman duP., Contiliano, Ross M., and McDonough,
Thomas B.: The Qualification of Target Materials Using the
Integral Theory of Impact. A.R.A.P. Rept. No. 295,
Aeronautical Research Associates of Princeton, Inc.,
December 1976.

2. Swanson, Claude V. and Donaldson, Coleman duP.: Applica-
tion of the Integral. Impact Theory to Modeling Long-Rod
Penetrators. A.R.A.P. Rept. No. 333, Aeronautical Research
Associates of Princeton, Inc., March 1978.



it was felt that the important features of such processes

r could be exh 4bited in spite of the simplicity of the model.
Thus, the integral theory was born in an attempt to bridge
the gap between the complex and costly multi-element codes
and the purely empirical models,

It was not intended that the integral theory replace
either the large codes or the experimentalist. Because of
its simplicity, the model introduces a degree of economy
which makes it reasonable to conduct parametric studies andobserve trends rather than single points. In this way, the
integral theory can be used to guide experimental programs,
interpret results, and serve as a screening tool for cases
which require the details which are only available in the
large codes.

Early studies (Ref. 3) of the impact process showed that
for the purpose of computing target response during impact
it was necessary to determine at least two characteristic
quantities, in addition to density, for any target material.
One of these, denoted by E*p and called the hydrodynamic
mode energy, represents the amount of energy required to put
a well defined mass of target material in a hydrodynamic
state. The other quantity, denoted by Eee , represents
the elastic energy absorbed by the same mass of target mater-
ial during impact. Phase 1 of this program consisted of anexperimental and theoretical evaluation of Ep and

expeimenal E an E~..
for a wide spectrum of target materials. Reference 1 summa-
rized the experimental program and evaluation of E*p and
E*,e and the development of equations to predict these two
quantities from fundamental material properties. More recently,
additional materials have been qualified and coefficients in
the theoretical equations have been modified as more data
have become available. In addition, the correlations which
were reported in Ref. 1 have been revised to include a
better estimate for the drag coefficient which appears in
the equations. The results of all qualification tests and
the present best estimates for the theoretical value of F* ,i.e.,
the sum of E*p and E~e , are described in Chapters II and III.

3. Donaldson, Coleman duP., McDonough, Thomas B., and
Contiliano, Ross M.: Application of the Integral Impact
Theory to the Design of Specialized Tactical Ordnance.
A.R.A.P. Repý. No. 279, Aeronautical Research Associates
of Princeton, Inc., May 1976.
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During the second phase of this program, attention was
directed toward the design of rod penetrators. The concepts
of the integral theory were applied to the development of a
long rod penetrator model. A two-element model was developed
which incorporates the physics of the deforming single cell
model developed several years ago by A.R.A.P. (Ref. 4) and
couples this cell to a rigid shaft. This model was described
in Ref. 2. However, the code which was developed contained
several bugs and was difficult to utilize. In order to
eliminate these problems, the equations of the model were *1
recast, and the code was rewritten. The revised model and
code are described in this report.

The rod model requires the specification of a property,
E*d , which represents the non-recoverable or dissipated
energy required to hydrodynamicize a unit mass of the rod
material as the tip of the rod is forced to flow out of the
path of the relatively undamaged shaft of the penetrator.
In essence, E*d is to the rod what Ewp is to the target.
The property E~d can be obtained by correlating experimental I
data with calculations using the two-cell model. Alternatively,
an experimental technique was devised by A.R.A.P. to measure
E*d directly. The results of these experiments are also
described in this report.

In what follows, a summary of the entire target materials
qualification program is provided in Chapter II. For complete-
ness, the test data are provided in Appendix A, and the deduced
values of E* are shown in Appendix B. The theoretical model
for EW based on fundamental material properties is provided
in Chapter III together with the present estimates for the
theoretical E* uf many materials. Chapter IV contAins
a description of the long rod penetrator model. A user's
guide for the numerical code is provided in Appendix C. Chap-
ter V describes the E*d experiments, and Chapter VI contains

the conclusions drawn from this program,

4. Donaldson, Coleman duP., Contiliano, Ross M., and McDonough,
Thomas B.: A Study of Water Drop Displacement and Deforma-
tion in Aerodynamic Shock Layers. A.R.A.P. Rept. No. 265,
Aeronautical Research Associates of Princeton, Inc.,
March 1978.
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II. TARGET MATERIAL QUALIFICATION

In this chapter, the method by which the impact proper-
ties E~p and E, of a target material are obtained will

be described. Briefly, the procedure consists of conducting
a series of impact tests using nondeforming projectiles and
relatively thick target samples. By eliminating the deforma-
tion of the proj ectile and backface effects in the target,
the equations of motion are simplified and an impact can becompletely specified given the density and geometry of the

projectile and target plus the material property E, of thetarget. In the next section, the Integral Theory o Impact
will be developed for a nondeforming sphere impacting a
semi-infinite target to show how E*p and E e are evaluated.
In the subsequent section, the results of an experimental
program to characterize a wide range of target materials will

e summarized.

A. Rigid Sphere Impacting Semi-Infinite Target

1. Decelerating Force -Consider the penetration of a
semi-"infinite target by a nondeforming sphere of radius R
and mass mp which is traveling at a velocity Vco normal
to the target. At any instant during the penetration, the
projectile, which has traveled a distance z , has a velocity
VC and is being decelerated by a force F The nomenclature
is depicted schematically in Figure 1. Conservation of
momentum requires that

d .(mpVc) . -F.()

If both sides of Eq. (1) are multiplied by Vc I the
result is the equation for the rate of change of the center
of mass kinetic energy

d ( p VC .-FVc . (2)

The product FVc is the rate at which the projectile loseskinetic energy or the rate at which work is done on the target

by the projectile. If W is the total energy of the target
material, then

4I
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dWt= FVc (3)

or
/ 2 -Vc+ Wt) 0 ,(4)

dt P 2

which is just a restatement of conservation of total energy.

The energy absorbed by the target is distributed between
kinetic energy of the target material Kt and a quantity Ut
which represents nonkinetic forms of energy such as plastic
work and elastic energy

d W d K d Ut+ (5)
dt dt dt

As the projectile penetrates, the target volume swept out per
unit time at angle • on the sphere is given by

dv
dv f 2TR 2 sin € dý V cOB - VCA, (6)

0

where 2rR sin¢ cos t do represents the elemental area normal
to the velocity vector V. at an angle 0 from the nose and

is the submergence angle.

The rate of change of kinetic energy can be written as

d K% dvC
d• Pt - ( - PtVcA---- c (7)

and the change of nonkinetic energy can be written as

6



d U dv
St -- (E,) - 0t Vc AE* ,(8)

dt dt

where Pt is the target mass density and CD represents the

instantaneous drag coefficient of the projectile. It will
be shown that CD is related to the Newtonian drag coefficient
of the sphere.

The term E. in Eq. (8) consists of two parts: a constant
part E*p which represents plastic work and a term E~e which

represents elastic energy and is significant for small penetra-
tions. The product p E* , which accounts for plastic flow
work and has the units of pressure is analogous to the Brinell
hardness of the target material. However, it models the flow
strength of the material at the strain rate of impact rather
than at the quasi-static strain rate of a Brinell test. In
reality, it is an adiabatic rather than an isothermal measure-
ment of the yield strength because the time scale for shear
heating in the material is much faster than the time scale
for thermal relaxation. The quantity pt E~p is therefore
called the "adiabatic hardness" of the material. It will be
shown later that p E*p is roughly constant as a function
of velocity for each material. In Ref. 1, a formula was
derived for E, based on Brinell hardness, melting tempera-
ture, and specific heat. A summary of this work is given inChapter III.

The quantity p E represents the pressure produced by
elastic compression of tlie target material. A furmula for
E*e was alco derived in Ref. 1, based on the elastic modulus,
Brinell hardness, and density of the target material. At the
end of this section, the method by which E*e is evaluated
from impact tests will be described.

Comparison of Eqs. (5), (7), and (8) with Eq. (3) shows
'hat the decelerating force can be written as

PtA( -D + E*P+ E*e (9)

7
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Based on Newtonian flow considerations but allowing some
freedom for comparison with experimental data, it is possible
to write the force in the following form

F- 2 t R sin cos •Vcos2+E*P+E) d (10)

For this analysis, the quantity a which is related to the
Newtonian drag coefficient is constant and has the value

S1. Equation (10) can be integrated to yield

2 2(1c2S 44s)+ 2+ 21 , (11)F - rR 0 Vc + .Ep +,

whereF R is given by sI

sS 08 "coe'l(l' z/R) z <. R

"/2 z > R. (12)

Note that the integration of Eq. (10) can only be done in this
manner if E*e is independent of 0 . Thus, the term E*,
which appears in Eq. (11) is an average value of the elastic
energy for the submergence angle s . It is not the local
value of the elastic energy per unit mass absorbed by the
target. More on this point later.

With (11) for the force, the momentum equation (1) becomes

d 3 1 pt a 2 1-co0
Vcc - .)+(Ep+E* e sin2] . (13)

dt 14 R p 2

3In Eq. (13), the definition for projectile mass, m p(4/3)(nRP p)has been used. The penetration is governed by p

8



dz.v . (14)

Equations (13) and (14) together with Eq. (12) can be inte-
grated simultaneously to yield z(t) and V c(t) . The

! integration proceeds from t - 0 to t - tf , the time at

which V is reduced to 0

2. The Newtonian drag coefficient - It was noted above
that the drag force is based on the Newtonian flow approxima-
tion. In this approximation, the target material is assumed
to flow in a very thin layer along the surface of the pro-
iectile, As a small volume of target material enters this

layer, it suffers an abrupt change in direction as it comes
in .;ontact with the projectile. In the Newtonian model, the
normal component of velocity is destroyed while the tangential
component is conserved as the control volume enters the shear
layer. It is the destruction of the normal component of
velocity which increases the pressure at the surface of the
projectile. The momentum transferred by each volume ofmaterial is

d dv
-(momentum) - - V€ cos o (15)
dt dt

The component of this momentum in the axial direction is the
drag force. The contribution to the total drag force at the
angle • is given by

dv
Fdrag- Pt Vccos22 (16)

dt

This force must be integrated over the surface area of the
sphere which is in contact with the target to obtain the
total drag force,

F = TpR2sn0cs 2 do
Fdrag - 2Pt R2 sin osV

or V2

Fra- +R2 sin 2 coI2t . (17)

9



The quantity rT sin O is the projected area in the
direction of motion and is denoted A . Hence,

2
F 1 + C062 APtv c(8drag m (i + os%5) A =v- (18)

Upon comparing Eq, (18) with the usual definition for the drag
coefficient

Fdra
CD - , , (19) 4

ApV /2
it is clear that CD - I + cos 2p5 . For the case of a fully

embedded sper-, 7/2 and therefore CD

The Newtonian flow model is strictly valid only at the I
outer edge of the disturbed region and not at the projectile

WS':j surface. Hence, the value of the drag F-6fficient deducedabove must be modified to account for centrifugal effects in
the distrubed layer. It can be shown that when centrifugal
effects are included, the pressure at the surface of the
projectile is given by

P- Pt V2 os - sin2  6), (20)

where 6 is the thickness of the layer. The layer thickness
can be estimated using a conservation of mass statement
together with an assumption for the velocity profile. The
simplest assumption is that the velocity is uniform in the
layer. In this case, it can be shown that 6/R - 1/2 and,
further, that C - 1/2 for a fully submerged sphere. This
is the same valug as that obtained from the inertial term
in Eq. (11) when a - 1 and v " r/2 . The value of
CD - 1/2 provides a very good fit to the data for a wide
range of velocities and materials as will be demonstrated
shortly. The Newtonian approximation for the drag term
probably works as well as it does because the strength of the
target material confines the region of plastic flow to a
narrow layer close to the surface of the projectile - a basic
assumption of the Newtonian model,

10
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3. Elastic energy per unit mass - E*e In Ref. 1,

the term E*e does not appear in the momentum equation.
Instead, teelastic energy was included in the model as a
velocity cutoff during the integration. This velocity cutoffIIwas denoted by V* , and it was assumed that at this velocity
all the remaining kinetic energy of the projectile could be
elastically absorbed by the target with no further permanentenetration. A disadvantage of using this approach is that

depends not only on the hysical properties of the target
but also on the density of the projectile. The quantity L*e
however, depends only on the physical properties of the target
material and is therefore a more convenient parameter to use.

During the course of this program, experimental and
theoretical evidence has been deve oped to show that E*e
depends on the dimensionless penetration depth z/2R :
However, in analyzing experimental data, only integralruantitiss such as projectile mass, radius, velocity, kinetic

energy, and final penetration depth are available. Empirical
information about the time dependence of velocity and pene-
tration are generally not available. Hence, the value of
E~e , which Is a local property, can only be deduced from
impact data in an integral sense, The method by which this
can be done is as follows,

Consider the equation for the rate at which work is done I
on the target (Eq. (5)). This equation can be integrated to
give the total work done on the target

wt P D V2 + + E,(Z Adz , (21)

where p is the final penetration. The integral can be
written as follows

pI

W t V2 dz + p [E + E- (p v(p) (22)

2 c* J
0

where P 4
SE-•e(P) -• E,e(Z)Adz .(23)

, II4 -- - -( )



The quantity E~e (p) represents the average value of Ewe

over the trajectory and only depends on the final value of
the penetration p It will be shown shortly that Ep
is constant. Hence the quantity E* + E*e in Eq. (22) is
solely a function of p . Therefore, for each impact test
a unique value of E* - + EEe can be found which when
integrated via Eqs. (13) and (14) gives the correct pene-
tration depth p for the given impact velocity Vco

It will be shown that E*(p) deduced in this manner can
be interpreted as the superposition of two components; a
constant component, E*p , for relatively large penetrations
and a depth-dependent component, E*,, for shallow penetra-

tions. It was shown in Ref. 1. that E has the followingform

E~e Q k (p/2R)N a (24)

where k and N are constants. The exponent N is
approximately -. 75 for most metals. For other materials,
N is between -,75 and -1.5

To summarize, impact data (crater depth measurements) are
used to deduce E (p) . The constant portion of E* obtained
for larEq penetrations is E*,. For shallow penetrations,
Eq. (24) is used to evaluate •he conitants k and N which
best match the data. In this way E*, is obtained.

Note that this procedure requires knowledge of the final
penetration. In the general case when p is not known
a priori, the local value of E*e and not the average value
must be used. The local val.ue can be obtained by differentia-
ting Eq. (23)

E*e(z) - '"*e(P) + V43) [iE- p)] (25)

This value can then be used in the integration of the momentum
equation. • (note the bar), because it is constant over
the trajectory and depends only on the final penetration p
is considerably more convenient to use than the local value
of E~e * It will be used exclusively in this report. The
bar will be dropped from the notation, and the local value
of E*e will no longer be used. This approach permits the

12



integration of Eq. (0) as was noted earlier.

B, Experimental Program

This section describes the experimental program which
was used to evaluate the impact properties E~p and E~e
of the various target materials. It contains a brief
description of the A.R.A.P. Impact Facility, a summary ofthe test matrix, and an illustration of the method by whichE, and E*e are evaluated from impact data.

1. A.R.A.P. impact facility - Figure 2 depictsschematics ll •the A.R.A.F•. I pct Facility . This facility
consists of a mounted rifle and enclosed test tube and test
chamber. Two guns* were used for this program; a Winchester
.270 caliber smooth bore rifle and a Power Line 880 Air Gun.

The Winchester is permanently mounted to a fixed support
and is bore-sighted on the target. Cartridges are hand
loaded using Hercules 2400 gunpowder. The projectiles are
0.250-inch diameter balls made of either tungsten carbide
or chrome steel (AISI 52100). The ball is fired using a
Lexan sabot which is manufactured in four sections. Thesabot separates aerodynamically after leaving the muzzle and
is stripped from the flight path ahead of the test chamber,
The velocity range for steel and tungsten carbide projectiles
is 700 to 5,500 eet per second Lighter projectiles have
been fired at velocities up to 6,600 feet per second.

The Power Line gun is utilized to extend the low velocity
range of the facility, The gun can fire 0.156 and 0,172-inch
diameter tungsten carbide ang chrome steel balls in a velocity
range between 160 and 740 feet per second,

Projectile velocity is measured using a Schmidt-Weston
Chronograph. Two light screens, separated by a fixed distance,
sense the passage of the projectile using photo-resistor
elements. The flight path is illuminated by light which
passes through slits in the shelf located in the chamber,
The shadow produced by the projectile on the light screens
triggers and then stops a counter. Digital readout of the
velocity is provided on a display board.

Targets are mounted in a cKlindrical tube at the aft end
of the test chamLer. Most of the targets were circular disks

The Impact Facility also includes both a Weatherby .460 rifle
and a 30-06 rifle, although these rifles were not used for
this test program.

13
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with a nominal diameter of 6 inches and a thickness of 1 inch.

Other shapes and sizes, however, can be easily accommodated.
The target is restrained on the front by an annular steel
ring fastened to the cylindrical steel tube and on the rear
by a 1-inch thirck wood disk and several steel disks held in
place by a 1-inch steel screw.*

Documentation for each test is available and a summary
of the data is contained in Appendix A. Pro-test measure-
nents include thickness, diameter and mass of target, mass
and diameter of the projectile and photographs of the undam-
aged target. Post-test measurements include target crater
depth- using a dial indicator, and diameter, target mass,

npro ectile mass and diameter. Photographs were also
taken of the damaged target.

2. Test troxram - A total of 181 impact tests were con-
ducteU on different target materials. These materials
include seven metals, four alloys, two plastics, two ceramics
and one composite. Table 1 provides a description of these
materials and a summary of the results. A tabulation of the
data is contained in Appendix A.

The limits for the velocity range over which each
material was tested are based on the following criteria. The
lower limit was set by the chronograph sensitivity which is
approximately 150 feet per second. The upper limit of the
velocity range was set to limit maximum crater depth to
approximately half the target thickness in order to minimize
backface effects,

Note that for most of these materials, a free fall test
was also conducted by dropping a 0.50-inch diameter chrome
steel ball from the ceiling of the laboratory onto the target.
From a height of approximately 14 feet, the impact velocity
was computed to be 28 feet per second.

3. Evaluation of E~p and E*e - For each impact test,

a value of E* was computed using Eqs. (13) and (14) which
gave the correct value of penetration depth, p , for the
impact velocity. Figure 3 shows the results of these compu-
tations for the soft aluminum target. The computed E, is
shown as a function of the normalized penetration p/do0

Y The breakwires shown in Figure 2 are used to measure projec-

tile residual velocity for finite thickness targets. The
wires were not used for this test program.
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where d is the initial diameter of the ball. For this
material, the values of E* fall within a narrow band, and
the average value of the band is approximately 84 Btu/lbm,
All of the E* values fall within 15% of the average, except
for one shallow penetration data point which was relatively
inaccurate.

As noted earlier, for each material an equation of the
form

E- E*p + E*e E*p + k (p/do)N (26)

was fit to the E* computations. The functional form of
E is based on the static experiments described in Ref. 1.
T•Arefore, for soft aluminum, Ep - 84 Btu/lbm and Ee -0.
Appendix B contains the E* evaluations for the remaining
materials,

C. Data Theory Correlations
After E~p and E.e have been evaluated for a given

target material, the Integral Theory of Impact can be used
to compute the depth of penetration for any impact velocity.
The procedure is simply to differentiate E*e(p) , evaluate
E*e(z) according to Eq. (25) and integrate Eq. (13) and
Eq. (14 simultaneously. In this section, the im act data ei
for each material are presented and conmared to t e results
of such computations, Data are shown for both tungsten car-bide and chrome alloy steel (AISI-52100) balls.

In each of the tests, except those noted "ball broken",
there was no measurable plastic deformation of the ball
after impact. For most of the tests, the ball rebounded
from the target. Hence, the crater depth could be measured
directly using a dial indicator. In some tests, however,
the ball remained embedded in the target. For these cases,
the dial indicator was used to locate the position of the
top of the ball and the ball diameter was added to obtain
crater depth.

1. Metals - The results for six metal targets are shown
in Figures 4 - 9. Each of the targets was a circular disk
with a nominal diameter of six inches. The nominal thickness
of each target was one inch, except for a few of the lead
targets which were two-inches thick, With the exception of
the cast iron target, these metals are relatively soft
(E*p < 100 Btu/lbm) and inelastic (E*, - 0)
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CADMIUM TARGET
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LEAD TARCE
99.9 % PURE, OPEN CAST

E. pz=3.5 Btu/Ibm

o0 .950' WC BALL

O .156" WC BALL
I ~ .s0o" sTEEL BAIL

or" .I ST[EEL BALL

BALL EMBEDDED IN
TARGET

* p/I 0 0.5

p/do

Hl

. -WC ball theory

Steel ball theory V

I I I
.0 1 . I. . i .. .i , ,

I0 100 1000

Velocity, ft/sec .

Figure 8

23

___I * -•



ZINC TARGET
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In addition to these metals, four tests were conducted
on silicon targets. The silicon was in the form of relatively
large chunks - major dimension approximately four to five
inches - obtained as a byproduct of steel processing, The
samples were porous and contained a small amount of iron
impurities. In order to test this material, each of the
four largest pieces was cast in concrete, and the front
surface of each piece was ground flat. Suitable material
was available for only four tests, The average value of E*
for these tests was 134 Btu/Ibm. The data were insufficient
to determine E*.

2. Metal alloys - Four metal alloys were tested, and the
eultsare snown in Figures 10-13. The aluminum alloy was

designated 5083 Aluminum, but its temper was unknown, However,
it had a static hardness of Rockwell B 75, The targets had
a rectangular cross-section, 3.9" by 4.5", and were one-inch
thick, This alloy has a relatively high value of E*

245 Btu/lbm and also has a moderate value of E*e P for
small penetrations,

Two steels were tested - a mild steel (1020 - hot rolled)
and an armor steal (rolled homogeneous steel armor). The mild
steel targets were six-inch diameter disks; the armor steel
targets were 3.9" by 4.5" rectangles. All steel targets were
one-inch thick. The value of E* varied from 141 Etu/lbm
for the mild steel to 203 Btu/lbm for the armor steel, Both
steels have moderate E*. components with the armor steel
having approximately twice the value of the mild steel. Note
that the tungsten carbide balls were broken for impact veloc-
ities in excess of 2,000 feet per second, However, the
correlations with nondeforming ball theory are still fairly

ood, This is because the tungsten carbide exhibits very
ittle deformation prior to brittle fracture and not more

than three or four pieces are formed for velocities of 2,000
feet per second. However, when the ball is shattered into
many small pieces, the rigid ball theory overpredicts the
penetration as is evident in Figure 11 for velocities in
excess of 4,000 feet per second.

The titanium alloy (Figure 13) was Ti-6A.-4V. The
targets had a square cross section 4,375" on a side and a
nominal thickness of 0.68 inches. This alloy has the highest
value of E*p of any of the metals and alloys tested. It
also has a moderate value of E*e
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STEEL TARGET
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TITANIUM ALLOY TARGET
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3. Plastics - Two plastics - acrylic and polycarbonate -
were tested, and-the results are shown in Figures 14 and 15.
Targets for each material were six-inch diameter disks and
one-inch thick. The acrylic was Acrylite and is produced by
the American Cyanamid Company. The polycarbonate was Lexan,
produced by the General Electric Company. These materials
ave similar impact properties. The values of E*p are not

high (- 100 Btu/lbm) and differ by only about 10%. They
each exhibit large values for E*, For penetrations less
than one ball diameter, the E*e component is larger than
Ewp . Despite the similarities in the impact properties,
the appearance of the damaged targets is quite different.
The acrylic is brittle and exhibits large cracks over most
of its surface as well as backface spall, The polycarbonate
is much more ductile, and the damage is localized to a small
region in the vicinity of the ball.

4. Ceramics - Two ceramics - glass and salt - were tested,
and the results are shown in Figures 16 and 17. The glass targetswere Corning Pyrex 7740 cast mirror blanks, six inches in diameterand one-inch thick. This material is extremely brittle and, as

a result, there is considerable scatter in the crater depth
measurements.

The salt targets which were cut from large blocks of
polycrystalline sodium chloride were six-inch diameter, one-
inch thick disks. This material is also quite brittle and
exhibits considerable scatter in the data. However, a value of

E - 86 Btu/lbm appears to provide good correlation with
t data.

5. Composite - Figure 18 shows the results for the
Kevlar target. This composite is a woven fabric produced by
DuPont and consists of aramid (Kevlar) fibers treated with
an epoxy resin and molded into a rigid sheet. The sheets
which are approximately 3/8" thick were cut into four-inch
squares. Targets were made by stacking three pieces. No
bonding between layers was employed. Kevlar has a value of
E~p comparable to steel and a large component of E~e

D. Summary of Qualification Tests

A summary of the value of E* and the constants needed to
evaluate E*e is contained in Table 1. In general, the Integral
Theory of Impact when used wiLh these two properties provides
very good correlation with the data for the wide range of materials
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which have just been discussed. The theory correctly predicts
the dependence of penetration depth on velocity, projectile
diameter, and density. Hence, the procedure described in
this chapter can be used to obtain the impact properties of
most target materials.

It appears, however, that the procedure does require some
modification for characterizing extrememly hard, brittle
materials. When the target is hard, the projectile breaks at
relatively low velocity , and insuffictient rigid ball data canbe obtained to deduce E,* If only broken ball data are
available, then one must be careful to separate the target
E* from the ball deformation model. Even with nondeforming
balls, brittle targets inherently have large scatter in crater
depth measurements. A quantitative measure of this scatter
or a procedure to reduce the scatter is necessary if much
data for brittle materials are needed. Despite these limita-
tions, the procedure described in this chapter does provide
an adequate dynamic screening test for target materials in
impact applications.
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III. IMPACT PROPERTIES OF MATERIALS

This chapter contains a summary of the formulas which
relate the characteristic properti Ep and E*, to more
fundamental material properties such as Brinell hardness,
melting temperature, heat capacity, and Young's modulus. The
derivation of these formulas was presented in Ref, 1, and 1:
will not be repeated here. The values of the constants which
appear in these formulas differ slightly from those which
were contained in Ref. 1. The revisions are the result of
a more detailed survey of materials data and a better fit
to more impact test data, Also included in this chapter is
a comprehensive table which summarizes the pertinent pro-
perties for many target materials. 11

A. Formulas for E*p and E,

Before writing the equations, it is particularly impor-
tant that the caveats be mentioned. When simple formulas are
presented which purport to give solutions to complex problems
the temptation is to accept the results without hesitation
and to ignore the limitations of the model which produced
the formulas. The formulas which are written below were
derived to serve as a tool for the preliminary screening of
target materials for particular impact applications, not asa fInal solution for E*, and Ewe and not as a substitute

for impact tests.

If one follows the derivations in Ref. 1. closely, it
becomes clear that some gross assumptions have been made
regarding material behavior and failure mechanisms, and that
order-of-magnitude arguments have been used to justify the
use of a single equation which is applicable to hard steel as
well as soft zinc and to brittle ceramic as well as ductile
plastic. The hope was that such a model would give a ball-
park estimate for Ewp and E*, . In this regard, the
formulas succeed as a tool to distinguish good target mater-
ials from poor materials and to provide a rough ranking of
materials. The fact that the equations predict the values
of E~p and within 15% for many materials is a dividend
and a confirmation that the assumptions of the model are good
for many materials. More importantly, however, the equations
isolate those material properties which have the most
influence on impact performance.
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1, Ewe - The formula for E*e is given by

3 2
E*e .,69 x 10-3 (P/dB ' 7 5 , (27)

where B is Brinell hardness in N/mr2 , p is mass density32Iin kg/m 3, E is Young's modulus in N/mr y is a dimen-
sionless strain rate parameter, and E*, is given in
Btu/lbm. The parameter y accounts for the increase in
Brinell hardness at high strain rates, It can be evaluated
from hardness measurements taken at room temperature and at
cr ogenic temperatures using the strain rate - temperature
re ationships discussed in Ref. I and in Chapter 13 of
Ref. 5. Typically, y has a value of 1.5 for metals and5.0 for plastics.

2. EP - The equation for E*p is given by

= C Tm of(Tij)
E*p C2 0 P ..n +11 (28)

2326. P CP Tm

where CL is the specific heat in joule/kgK, Tm is the
melting temperature in K , af is the flow stress corrected
for strain rate effects in N/M2 , E* is in Btu/1bm, and C2p2
and 0 are constants which are obtained by correlating this
equation with data from impact experiments. Ti is the initialtemperature of the material, and • is the strain rate, The

present best estimate for the constants is

$ - .072

C2 - 5.76 . (29)

Note, the factor 2326 in the denorminator of Eq. (28) isrequired to convert units from joule/kg to Btu/Ibq. - the

typical units in which E*p is expressed. The quasi-
static flow stress can be obtained from Brinell hardness
measurements using the Prandtl solution (Ref. 5) for the
deformation flow ield in a hardness test given by

5. McClintock, F. A. and Argon, A. S., Miechanicat Sehavior o6
Matetaiaz, Chapter 13, Addison-Wesley, Reading, Mass.,
1966
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S- .(30)
3.2

This flow stress is corrected for strain rate effects using
the "velocity-temperature" or "temperature-strain rate" inter-
relationship which was mentioned in Ref. 1 and is described in
Ref. 5. In essence, this correction equates the hardness test
performed at high strain rate to a hardness teat performed at
lower temperature. For many materials the increase in hardness
for impact strain rates is equivalent to the increase in hard-
noes for a 100 kelvir decrease in temperature. In general,
Eq. (28) is within .pproximately 15% of the experimentally
deduced values of E~p for most metals.

For the brittle materials, the theory is generally within
F a factor of two of the experimental data, The discrepancy

between theory and data is not unexpected. Recall that E~ p
is the plastic energy dissipation which occurs in a thin,
high shear region adjacent to the projectile. In impact
tests of brittle targets, there is a large shard fracture
mode which limits the extent of the shear region. In essence,
the tensile release waves at the side of the projectile break
off large pieces of target material before significant shearing
can occur, thereby inhibiting the energy-dissipation potential
of the material. Hence the performance of brittle materials
in impact tests is considerably less than the theoretical
prediction.

Equation (28) has one other interesting feature which
should be noted, When the value of of/sp Cp Tm is very
small compared to 1, Eq. (28) can be written

0 2
E*p -!2 (31)

For this case, there is a linear relationship between
E* and the Brinell hardness of the material. However, when
the value of of/sP Cp Tm is large, then the logarithm cannot
be simplified and increasing the hardness of the material may
result in but small improvements in E*p because of the
nature of the logarithm function. Hence, to a first approxi-
mation, Eq. (28) can be used to determine those materials
whose impact performance can be improved by hardening techniques.
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B. Table of Materials Properties

Table 2 presents a listing of the pertinent materials
properties of many materials for which hardness, specific
heat, and melting temperature data are available. These
data were obtained from a variety of sources in the open
literature. The properties were used in Eq. (28) to obtain
the value of E~ p

The final column in Table 2 lists the adiabatic hardness -
the product pE*p - of each material. This quantity is
particularly important for determining the penetration of a
deforming projectile. Recall from Eq. (9) that the pressure
on the front face of a projectile is primarily pE*p for
low velocities. This pressure should be as high as possible
if the objective is the deformation of the projectile.

Note that the properties in Table 2 contain both metric
and English standard units. Both E*p and the product pE*p
have traditionally been tabulated in the units shown in Table
2. To convert these quantities to their metric equivalent the
following conversion factors may be employed.

oule Btu2326 -1

6895 Pascal - 1 psi
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This chapter summarizes the integral theory for long

rod penetrators. Preliminary development of this model was
described in Ref. 2, and listings of the computer codes ROD
and PEN were provided. Unfortunately, these codes contained
some theoretical and numerical errors which produced anomalous
results at times. Improvements have been made to the ROD
code which eliminate much of the anomalous behavior. However,
it is important to note that there are still certain limita-
tions in the use of this code. In its present form, the model
is limited to: (1) high velocity impact, (2) homogeneous,
isotropic rods, and (3) rod materials with some ductility.
The reasons for these limitations are described below.

In the model, the head of the rod is assumed to flow
hydrodynamically. There are no constitutive equations built
into the deformation model, and there is no mechanism for
energy dissipation due to internal shear stresses. As a
result, the model is applicable for impact velocities which
are high enough so that the pressures enerated by the impact
are much in excess of the material yie d strength,

An additional assumption of the model is that the shape
of the flowfield in the head does not change very much from
material to material. Hence, each material undergoes the
same amount of plastic deformation prior to failure, The
model parameter, co , which represents the plastic strain in
the head, accounts for this deformation. A single value for
Co appears to be adequate for most ductile rod materials.
However, for brittle materials which have much lower values
for strain to failure, a different model for Fo may be
needed.

A further assumption of the model is that the rod material
is homogeneous and isotropic. Anisotropic material properties
such as might exist for composite rods, for example, cannot
be handled in the present model. In the future, as more
impact data become available, the model will be extended to
include constitutive equations and anisotropic material
properties.

In what follows, the equations which govern the penetra-
tion of a long rod projectile will be presented. These equa-

K- tions form a coupled set of ordinary differential equations
and are solved numerically using the ROD code, Appendix CA contains the computer listings and a user's guide for this
code. Typical results of numerical computations are pre-
sented at the end of this chapter,
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A. Physics of the Model

It is known from x-ray photographs that the stages of
long rod penetration may be roughly characterized as in
Figure 19. As the rod impacts tne target, the pressures
generated at the interface begin to deform the front end of[ " the rod, as in Figure 19(b), Simultaneously, the same
pressure erodes the target and produces a crater as in
Figure 19(c). As penetration continues, material at theleading face of the projectile is eroded by the target,
forced out laterally from the contact region by the high
pressure there and ejected back out of the crater. As
material erodes from the rod face, new material is supplied
to this region by the shaft of the rod which is traveling
at a hi her velocity than the rod-target interface, At
some pnt, the shaft material is completely used, Figure 19(d),
and the remaining head is then brought to a stop by the
target.

1. Kinematics - The model for the rod flowfield consists
of tw-o re&ions; the head of the rod which corresponds to the
region undergoing hydrodynamic strain and the shaft or rear
portion of the rod which contains the undeformed material.
During penetration the head which is in contact with the
target decelerates and spreads laterally. It is assumed
that the rod is cylindrical, that the s a e of the head remains
cylindrical during the penetration, and that the velocity
flowfield in the head is linear. Figure 20 schematicall: ,
illustrates the rod model and the pertinent nomenclature,

The motion of the material in the head is described by
a center of mass velocity Vcm and by the velocity of its
front face V, and side face V At any instant, the thick-
ness of the head is 2U , and iti radius is b Since the
velocity field is assumed to be linear, the following equations
can be written for the particle velocity at the shaft-head
interface,* Vb

Vb Vl + 2 (Vch - VJ) , (32)

and for the rate of change of head dimensions

In this analysis, no distinction is made between particley velocity and surface velocity at the shaft-'head interface.
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FLOW FIELD OF ROD
AT VARIOUS STAGES OF PENETRATION

TARGET TARGET
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Figure 19
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LONG ROD MODEL

SHAFT HEAD

"• ' '"" 0+4o)a
r"iiI~I~j MATERIAL FLOWS rI(I+V't)

INTO HEAD

VL

MATERIAL '
OUTFLOW

ASSUMPTIONS:
I. Conservation of energy

2. Conservation of momentum

3 Linear flow field in head

4. Continuity of mass flow across interface

5. Constant yield stress at interface
6. Mass of penetrator erodes from head

when radius exceeds (1+ eo)a
7. The model depends upon two parameters:

The yield stress o UpE*d-XPE*

and

The shearing radius given by(I+eo)O
"Figure 20
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S"V1 Vm, (33)
~V.L~cm

b = Vt for b < (1 + c0)a , (34a)

0b- for b > (1 + co)a, (34b)

where a is the initial radius of the head, and the dot
above a symbol denotes the time derivative. The quantity E

represents the allowable plastic strain in the head,

As penetration proceeds, the head widens as rod material
is forced to flow in the lateral direction. At some distance
from the axis of the rod, say (1 + c )a laterally, material
is detached from the head. The dynamics of this material as
it further interacts with the target has no subsequent effect
on the head or shaft, This assumption is justified because
the rod material at this point in the flow has been
adiabatically heated by plastic work to such an extent that
its shear strength is very low, Hence, it is able to
influence the rod only through compressive or hydrodynamic
forces. However, the axial component of the compressive
hydrodynamic force will only be significant within one or
two rod radii from the central axis, Thus, (1 + c )a ý 2a
and really characterizes the turning radius of the rod
material in the target or the shape of the flowfield in the
head, For simplicity, it is assumed that the shape of
the flowfield does not change too much with different materials.
Hence, co is the same for all rod penetrators, independent
of material. Its value can be deduced from impact data.
More on this point later.

2. Mass Conservation - Conservation of mass across the
shaft-head interface imposes the following condition for the
rate at which material flows from the shaft to the head,

ws ma = 0a 2 (V, " Vb), (35)

where P p is the penetrator density, and V. is the shaft

velocity.

When the radius of the head reaches the value (I + co)a
it is assumed that any further increase in the radius simply
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results in loss of rod material across the boundary. The
rate of mass loss from the head is given by

4p b" 4 (V (36)

b p t(~b

Before the head reaches the cutoff radius, V b and
Fmrb - 0 . After the cutoff radius is reached, b - 0

The rate of chan e of mass in the head can be obtained
from Eqs. (35) and (3

mh 'a mamb - p [a2(Vs -Vb) -4b x(Vt -b , (37)

and the rate of change of mass in the shaft is simply

ms Tms - - p'fa 2(s " (38) :

3. Momentum conservation - The pressure : pplied to
the front face-of the rodB-yfhe target is given oy t r

Pt * + CD (40)

This pressure acts across the entire front face of the rod
which is in contact with the target. The contact area is
Trb2 Hence, the drag force becomes

The equation for conservation of axial momentum can be written

Equation (39) is written for a total E* - + E~ e However,
only E~p is used at the present time,
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d-d (mhVcm + msVs) V F-mhVcr

T b2Pt (E*+ C mbVcm (41)

where the second term on the right side accounts for the flux
of axial momentum out the side of the head. This equation
may be separated into two equations for the head and the
shaft. The shaft will only experience deceleration forces
if it has a nonzero yield strength o . In general, the force
on the shaft, F. , is given by

F5 'm-,!a2o-mV . (42)

When a * 0 , as is the case for a shaped-charge jet which
is liquid, the shaft velocity remaitis constant during theentire penetration.

An illustrative equation is obtained by combining Eqs. (37),
(38), (41), and (42) to obtain an equation for the decelerationof the head J

mhVcm =" rb2 t( E*+CD 2)+ ea2a+ma 'Vcm) (3)

The first term on the right is the deceleration of the head
due to the target pressure. The second term is the accelera-
tion of the head due to the push from behind by the yield
strength of t.he shaft. The third term is the net momentum
flux to the head due to mass flux across material surfaces,

4. Energy conservation - The total kinetic energy in the
rud is" given by

K - K + Kcm + K (44)

where

1 2Ks = mV , (45)

is the kinetic energy in the shaft and
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A

"K I m '2 (46)

is the kinetic energy associated with the mass center motion

of the head and

Kr ~h[V~ (VI Vcm2 (47)

is the kinetic energy in the head relative to the mass centermotion, i.e., the energy associated with the deformation
of the head. Equation (47) can be obtained by integratint
the linear velocity distribution over the entire volume othe head, i.e.

ilh cM+ Kr Pp f (v+e+v) RdRdedz , (48)

where
RVr Vt

Ve 0

V2; Vcm + T (V'V Vcm) N

Equations (44-47) canbe differentiated to yield the followinp
kinematic expressions

K - KCL + K + Kr (49)
S½'2

cm cm+ mhVcmVcm (50)I l 2
K- =,. msVs+ msVsVs , (51)
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The rate at which work is done on the rod by the target
is given by

irb2 PV (E+-DV 2. (53)

The heating rate, denoted by W , or the rate at which rod
material is converted into the hydrodynamic state is given
by

W in E(54)

. W represents the rate at which energy is dissipated as mater-
ial crosses the interface between shaft and head and is trans-
formed from the solid to the hydrodynamic state. The quantity
E*d is the "adiabatic yield strength" of the rod material.
More about this quantity later,

The flux of kinetic energy which crosses the lateral
boundaries of the head is given by

V 2+V~ 2 +1 (VtV)2155
kb - 1 b[ + Vcm cm

Conservation of energy requires that K + U + W + Kb - 0 or

-t bPV(E*+2 >taEd

"1 [V +Vcm + (V, - VC,) * (56)

5. Incompressibility - The final equation which is
needed to specify the problem is the statement of incompres-
sibility. At any instant, the mass in the head is given by

mh -27rb 2 2 p . (57)
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If the rod waterial is incompressible, then p is constant
and Eq. (57) can be differentiated to yield p

S= h -+(58)

6. System of equations - The preceding equations form a
-system of flrst-order ornary differential equations which•!i can be solved simultaneously to yield solutions, as a function
of time, for the velocity field, dimensions of the head and

Vf shaft, and energy partitioning, One additional equation is
needed to obtain solutions as a function of depth of penetra-
tion, i.e.,

-V,. (59)

The complete system of equationF is summarized in Table 3.
The numerical procedure employed to integrate this system is
discussed in Appendix C. The input parameters required forh running the code are the length and diameter of the rod, the
density, adiabatic yield strength and adiabatic hardness ofA ithe rod material, the density and hydrodynamic mode energy of
the target, and the plastic strain in the head c

7. Model rvarameters - Tt is assumed that the energy
dissipaton pEiimeEter of the rod material, E*d , is directly
proportional to the hydrodynamic mode energy, E* , i.e,

E*d - X E* . (60)

The value of E ,of course, is deduced from impact tests
using the procedure described in Chapter II or, in the absence
of impact data, estimated from Eq. (28). The value of E*d
is different from E because the flowfield in the rod is
somewhat different than in a semi-infinite target of the same
material. The value of X can be obtained by correlating
impact data and numerical computations. As a result of such
correlations, x - 0.42 has been obtained. An experimental
program was designed and conducted at A.R.A.P. to measure
Ed at laboratory strain rates. This program is described
in Chapter V.
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TABLE 3.

ROD MODEL EQUATIONS

:•iMa s s__2
Mass m£h p a -bmb (37)

mb - 41tbzp,(Vt"-b (36)

ms -. , raV -V (38)
•i•+Moment= 2

Momentu hcm * Tb t + - mbVcm (41)

d- (mov +m v) 2 - cmt(*CV

MVa = - ra a (42)

Energy
Kz cm +K"+K (49)

mhV2 +mV V (50)
Kcm cm +h cm cm

is 1 2 + m5V5V2 (51)

'mh 2 2 +2 [v +2(v--V (52)
=6 L " c •'2" 6 LV2

K -= b V2 ( p r S-Vb) E~d

~7b [V t+ v Cm +. (v m)2]V - (56)

Kinematics
v b < (1+E)a

bm 0b m 0 b >.(1+co )a (34)

i - Vj.Vcm (33)

Vb - V. + 2 (Vcm-VI) (32)

VI (59)
Incompressibility

mh mh L + (58)
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The adiabatic yield stress, a , is related to the
adiabatic hardness, pE, , of the material by

1= E d =pPE, (61)

This equation, which is similar to Eq. (30), is analogous to
the relationship between the Brinell hardness, B , and the
uniaxial tensile strength of a material in static tests.

The last parameter, Eo P is assumed to be constant for

all rod materials. The limitations of this assumption for
brittle materials and composite rods have already been noted.
The value of c can only be deduced by correlating data
and computations. As a result of such correlations, the
value Co 0.36 has been obtained.

8. Backface Effects - The resistance of the target topenetration by the projectile is given by Eq. (40, W'henthe target is thick, t e value of E* obtained by the pro-

cedures described in Chapters 1I and III should be used.
However, to apply the integral theory to targets of finite
thickness, it is necessary to adjust E* for backfaceeffects.

Recall that the E* concept was originally developed
for the flow of target material around a penetrator in a
semi-infinite target. The shear work done on the target
material in the f ow volume defines E* . When the projectile
has penetrated almost all the way through the target, to
within one or two rod diameters of the backface, the target
material can spall or simply bulge on the backside, rather
than flow around the penetrator hydrodynamically, Thus,
each small volume of target material absorbs less energy than
it would in the semi-infinite case. Thus, the effective E*
for the target decreases near the backface. In Chapter IV
of Ref. 2, a simple model for the decrease in E* near the
backface was proposed. The reader is referred to that
development for the details. Briefly, for those materials
which exhibit backface effects, the value of E is held
constant until the head of the rod reaches a potnt which is
two rod diameters from the backface. From this point, the
Eg of the target is decreased linearly with distance such
that E* is zero when the front of the head reaches the
backface.
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9. Oblique impact - The rod model described above can I
also be used for the case of oblique impact. In this case,
the target thickness is equivalent to the slant length of
the target. For oblique impact of finite-thickness targets,
the backface effect occurs when the perpendicular distance
from the front of the head to the backface of the target
is less than two rod diameters. This treatment of oblique
impact does not attempt to handle fracture of the rod
shaft or jetting of the rod front end during impact.

10. Multi-layer targets - The rod model has been usedwith some success for multi-layered targets. For such
targets, the equations are solved for each layer. The condi-
tions which exist at the rear of one layer simply become
the initial conditions for the next layer. This procedure
continues until the penetrator is stopped or perforates the
last layer.

B. Correlations of Theory and Data

The parameters c and x can be deduced from correla-0I
tions with data. Experiments were conducted for A.R.A.P. at
the Ballistics Research Lab (BRL), Aberdeen Proving Grounds.
Several long rods with a length-to-diameter ratio, L/D, of 10
were fired into targets of Rolled Homogeneous Steel Armor. In
order to avoid backface effects, very thick targets - target
thickness greater than twice the total rod penetration
were used. The rods were chosen to provide a variety of materialsand strengths, The materials included mild (1018) steel,
tantalum, lead, and Mallory 3000, a tungsten alloy,

The data were compared to calculations using the ROD code
to select a best fit for Eo , which characterizes the maximum
strain in the head, and X which relates tha adiabatic hardness
to the adiabatic yield strength of the rod. The value of E,
for the armor steel target is 200 Btu/lbm. For the rod
materials, the values o1£E* are: Mallory 3000 - 50 Btu/lbm;
tantalum - 80 Btu/lbm; 1018 steel - 140 Btu/lbm; lead - 3.5
Btu/lbm. Based on these comparisons, it was deduced that

-o W .36 and X - .42 , A comparison of the correlations
between theory and data is shown in Figures 21 - 24. Note that
the high velocity lead rod deformed upon exit from the barrel
and had an irregular shape upon impact. The L/D for this rod
was somewhere between 5 and 10.

The ROD code can be used for finite thickness targets.
The values of the parameters E and X remain 0.36 and 0.42
respectively. However, the decrease in the E* of the target
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in the vicinity of the backface must be taken into account, as
was noted above. Figures 25-28 show some comparisons of
theory and data for residual velocity and residual mass. The
theoretical prediction for residual velocity is the shaft
velocity at the instant the head of the rod reaches the
backface. The residual mass is the sum of the mass in the
shaft and in the head at this instant. The data are taken
from a recent BRL report by Lambert (Ref. 6), Residual mass
data are of two kinds: (1) reduced from radiographs; (2) mea-
sured from recovered fragments. The residual velocity data
were reduced from radiographs. The projectiles were 5 gram
Bearcat steel rods (hardness Rockwell C5-5) with various L/D
ratios. These rods were fired into various thickness targets
of Rolled Homogeneous Steel Armor.

Figures 25 and 26 show the results for L/D - 5 rods fired
into two different finite thickness targets. Figure 27 shows
the residual velocity for an L/D - 10 rod. No residual mass
data are available for these tests. Figure 28 is for an
L/D - 20 rod, In general, the agreement with data is good,
and the model correctly predicts the trends with velocity.For these cases, the model underpredicts the ballistic limitvelocity by approximately 10 to 15%.

6. Lambert, John P.: The Terminal Ballistics of Certain
65 Gram Long Rod Penetrators Impacting Steel Armor Plate.
iKept. No. ARBRL-TR020721 May 1978.
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V. E d EXPERIMENTS

This chapter contains a description of an experimental
program conducted at AR.A.P. to measure the fundamental
quantity E*d , Recall that this quantity represents the

dissipated energy absorbed by the penetrator material as it
is transformed from the solid to the hydrodynamic state. In
essence, E*d is to the penetrator material what E*p is
to the target material, An experiment was designed by A.R.A.P.
to measure both the total energy input to a material specimen
prior to fracture and the residual nondissipated energy of
the specimen (kinetic energy in the debris cloud) after
fracture. The quantity E*d can be obtained from these
measurements.

In the next section, the experimental concept is
described in more detail. In the following section, the
experiment including apparatus, instrumentation, and test
procedure is summarized. This is followed by a discussion
of the results.

A. Test Concept

The long rod model which was described in Chapter IV
contains the fundamental parameter E~d which represents the
dissipated energy absorbed by the penetrator material during
impact. In addition, the model contains a parameter o
the adiabatic yield stress, which is z.lated to E*d (c - p E*d

see Eq. (61)). Computations of long rod penetration are
sensitive to a and, therefore, to the value of E*d ,

One method to evaluate E*4  is to note that in the impact
process for like materials the Oenetrator and target are
undergoing similar pressures and deformations. Therefore, the
energy dissipation mechanism in the penetrator material must
be similar to that in the target material. The energy dissi-
pation in the target is, of course, given by E* . Since
the flow fields in the target and penetrator are somewhat
different, one would not expect that E*d - E* . However, it

is reasonable to postulate that Ekd might be proportional
to E, . The constant of proportionality, which is denoted
by x in Eq. (60), then becomes a model coefficient and is
evaluated by correlation of the model with data. This is
the procedure which was described in the preceding chapter.
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Another method is to attempt to measure E*d directly.
An experiment was designed by A.R.A.P. to measure each of the
components of the energy partition associated with penetra-
tor deformation and fracture. By writing an energy balance
for the process, it is possible to deduce the value of E*d .

During the impact process, material in the penetrator
is being rapidly decelerated in the forward direction and
accelerated in the lateral direction, so an inertial term
which takes into account the kinetic energy, similar to the[ V2 /2 term in the target material, will be present in the
penetrator. Also, the penetrator absorbs elastic and plastic
energy as it deforms. Hence, the energy balance prior to
fracture may be written

W - K + E + P (prior to fracture) , (62)

where W denotes the total work done on the penetrator byo' ~ ~the target,an K is i ethe kinetic energy, AEI is the elastic

energy the plastic energy, All energies are perunit mass,

c ef fracture occurs, a portion of the elastic work is
converted into kinetic energy of the broken fragments. The
remainder is dissipated at the tip of the crack and in running
the crack and as surface energy of the newly created fracture
surfaces. If melting occurs first, none of the elastic work
is recovered as kinetic energy, and only plastic dissipation
occurs. Thus, any elastic energy stored during impact will
be recovered as kinetic energy, converted to fracture surface
energy or dissipated plastically or during crack formation
as the penetrator breaks. The energy balance after fracture
may be written

W K + d (after fracture) , (63)

where E~d is the total dissipated energy per unit mass.
For many materials, E *d may be thought of as consisting of
two terms: E~dp which represents the plastic work absorbed
per unit mass, and E*df which is the fracture energy per
unit mass absorbed in the creation of fracture surfaces. Thus,
the final energy balance may also be wriLten as
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W K + Edp + E~df (64)

In this form, E~dp includes the plastic dissipation during
loading prior to crack formation as well as the energy
dissipated to form the crack.

That E*d should be an important factor in penetrator
behavior during impact is clear from Eq. (63). The work done on
the penetrator, if it is not absorbed in E*d , goes directly
into kinetic energy of the penetrator in the lateral direction.
This leads to rapid spreading of the front face. Conversely, a
material with a high E~d will absorb the work done by the
the target with less lateral spreading of the penetrator.

To simulate the partitioning of energy in the laboratory,
an experiment was designed in which a material specimen is
compressed between two anvils until fracture occurs. Measure-
ment of the time history of the applied load and the deforma-
tion of the specimen yields the total work done on the
specimen prior to fracture. Measurement of the kinetic energy
associated with the particles in the debris cloud following
commninution of the specimen yields a value for K in Eq. (63).
The value of E*f can then be obtained by subtracting K from
W . Estimates 9f the energy dissipated during loading and
of the fracture surface energy suggest that these two contri-
butions to E*d are small and that the primary energy dissipa-
tion mechanism for brittle materials is associated with crack
formation.

B. Experimental Program

1. Apparatus - Figure 29 is a sketch of the E*d apparatus.
The apparatus consists of a rigid frame, load application hardware,
fragment trap hardware, and instrumentation.

The frame consists of standard structural steel components.
It measures approximately 55 inches high by 35 inches wide by
18 inches deep. The load application hardware and fragment
trap hardware are mounted on and supported by various platforms

;H1 which are fastened to the frame. To permit easy access to the
test specimen, the frame rests on concrete blocks.

A schematic illustration of the load application hardware
is shown in Figure 30. The material specimen, which in these
tests is a spherical ball, is placed an the centerline of the
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apparatus between two crusher blocks. The blocks are 1-inch
steel cubes which have a Rockwell hardness of C-55. Since
compression of the ball produces a small permanent indenta-
tion in the blocks, each surface can be used for only one
test.

It . Load is applied to the ball using a Hanna MT2 Hydraulic
ly: Cylinder. The cylinder has a bore diameter of 4.00 inches and

a rod diameter of 1.75 inches, It can generate a maximum
V• compressive load of approximately 25,000 lbf. The magnitude

and rate of application of the load can be controlled by
regulating the hydraulic pressure in the cylinder. The
operating range for the cylinder is 200 psig to 2,000 psig.
At the maximum cylinder pressure, the rod velocity is approxi-
mately 0.2 inches/second.

The cylinder is attached to the upper beams of the steel
frame with a trunion mount. A cylinder stabilizer platform,
located at the bottom of the cylinder, prevents rotation ofthe cylinder and maintains vertical ali nment, Another

platform, the rod stabilizer platform, Is used to maintain
vertical ali nment of the rod. A nylon phenolic bushing in
the center of the rod stabilizer platform permits freedom
of movement for the rod. A compressive load is applied to•4 ~~the test specimen when the rod moves downward. • •

Load is transmitted from the rod to the top crusher block V
through a steel rod cap, This cap has a threaded hole to
accept the end of the rod. The face of the rod rests flat on
the inside surface of the cap. The top crusher block is
ground flat and is pinned to the rod cap.

The bottom crusher block is pinned to a steel anvil
which carries the load to the load cell. The anvil has a
threaded male connection which fits the load cell, The load
cell is, in turn, mounted on a steel platform which is
fastened to the bottom beams of the frame.

Attached to the mid-section of the rod is a collar and
fixture mount for the linear variable differential transformerHl (LVDT) which is used to measure the displacement of the rod.
The LVDT measures the relative displacement between the rod
and the load cell platform.

ýA An inqtr1ment plate is mounted to the under side of the
rod stabilizer platform, Four ballistic pendulums are hung

IV; from this plate. A drawing of one of the pendul.umq is shown
in Figure 31(a), Each pendulum consists of a 1 inJ balsa wood
box with one side removed. A styrofoam block is placed in

Vi the box and the front suzface - the surface exposed to the test
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specimen - is coated with Dow silicone grease. The mass of
the box and styrofoam is approximately 2.5 grams. Prior to
impact, the front face of the styrofoam block is adjacent to
but does not touch the crusher blocks (as shown in Figure 30).
The four pendulums completely encircle the test specimen as
shown by the schematic in Figure 31(b). For most of the tests,
the pendulums captured more than 757. of the mass of the test
specimen.

The arm of each pendulum is approximately four inches
long and is made of plastic. For rigidity, the cross-section
of the arm is made by gluing two I-beam cross-sections togetherat the flanges. Each pendulum hangs from a separate shaft
which rotates when the pendulum is struck. Each end of theshaft is mounted in a frictionless pivot (Bendix Model 5008-400

Flexural Pivot) which acts as a torsional spring. The tor-
sional spring rate of each pivot is 6.54 in-lbflradian, The
springs are designed to produce a 15 degree rotation when
the pendulum is hit by a 1 gram fragment traveling at 75
feet per second, Also attached to each shaft is a rotaryvariable differential transformer (RVDT) to measure the angu-
lar rotation of the shaft.

2. Instrumentation - The instrumentation consists of
one load cell, one LVDT, four RVDT's, and one recordingdevice.

The load cell is a Strainsert Universal Flat Load Cell
(Model No. FL25U-3SG), It is a single bridge design with a
maximum capacity of 25,000 lbf. The cell is excited by a
12V battery and produces a DC-voltage output. It has been
calibrated against a Bourdon pressure gauge which measures
the pressure in the hydraulic cylinder and is linear over
the full range of application within 0.5% of full scale.

The displacement of the test specimen is measured with
a Trans-Tek Model 241-000 Displacement Transducer. The trans-
ducer is an integrated package consisting of a precision
linear variable differential transformer, a solid state
oscillator, and a phase-sensitive demodulator. The LVDT is a
transducer that converts mechanical displacement into
electrical output. The core, when displaced axially within
the coil assembly, produces a voltage change in the output
directly proportional to the displacement of the core. This
model which is excited by a 12 V battery has a working range
of 0.1 inches and is accurate to 0.5% of full scale.

The rotation of the shaft is measured by a Pickering Model
No. 21300 Precision Rotary Variable Differential Transformer.
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This trar.sducer converts a mechanical angular displacement
into an electrical output by means of an electrical input
carrier. It consists of a rotor assembly to which the shaft
is attached and a stator assembly in which all windings are
contained. The electrical input is a 10 KHz, 3 V RMS AC
signal which is generated by a Hewlett-Packard Oscillator,
The output signa is also AC and is converted to DC external
to the transducer using a separate demodulation circuit.
The RVDT is linear over a displacement range of 1 10'.

The voltage output from each of the six instruments is
applied to a separate mirror galvanometer circuit. EachRVDT uses a Honeywell M40-120A galvanometer. The load cell
uses an M40-350A and the LVDT used an M400-120. The current
which passes through the galvanomaeter circuit is controlled
by external series and shunt resistances, The galvanometers
are extremely sensitive to small changes in the signal current.

The galvanometers are contained in a Honeywell (Model
906C) Direct Recording Visicorder Oscillograph. This device
transforms the input signal into a moving beam of light
through use of the mirror galvanometers. It uses an ultra-
violet light source which is focused by an optical system
on recording paper which is highly sensitive to ultra-violet
light. Thus, data readout Is immediately available. The
paper speed is controllable and, since the device has 14
channel capability, each output trace can be placed on the
same strip of paper.

3, Test procedure - Prior to a test, each test b -. cimen
is carefully weighed -and measured and is then placed at '-he
center of the bottom crusher block. A thin coat of Dovo,
silicone grease is applied to one surface of each styrofoam
block, and the block is then weighed, The rod is positioned
such that the top crusher block is approximately one inch
above the test specimen and the pressure in the cylinder is
set to give the desired loading rate.

The oscillograph is autuated at the instant the cylinder
rod begins moving. Note that the top crusher block is moving
downward when it comes in contact with the test specimen.
Load is applied until the ball fractures or the rod bottoms-
out.

After the test, the styrofoam blocks are carefully
removed and weighed to determine the mass of the pieces which
impacted the blocks. Any debris which remains on the crusher
blocks is also collected end weighed, Finally, the crusher
blocks are removed, and the depth of the indentation is
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measured using a dial indicator gauge.

4. Data analysis - The oscillograph provides a continu-
ous time history of the load and deflection, Recall that
the LVDT shown in Figure 30 actually measures the position of the
bottom of the rod relative to the top of the load cell plat-
form. Therefore, the deflection measurement includes the
indentation of the crusher blocks. (The displacement of the

t rod cap, anvil and load cell are negligible,) The area
beneath the force-deflection curve up to rupture represents
the total work done on the ball and the crusher blocks,

Equation (62) which describes the energy balance based on
a rigid crusher block must be modified to account for energy
absorption by the blocks, Both elastic and plastic work is••!' done on the blocks. It is assumed that the stored elasticIenergy is returned to the ball when the ball fractures,
However, the plastic work is dissipated in the blocks. Hence,

for a non-rigid crusher block the energy equation may be
written

W K + Ed + Edb (65)

where Edb represents the energy dissipation in the crusher
blocks.

The quantity Edb can be estimated by testing a rigid
bill, Figure 32 shows the load-deflection response of the
system when a tungsten carbide ball is compressed through
five cycles of loading and unloading, At the end of each
cycle there is no measureable plastic deformation of the ball
so that the measured deflection represents the total indenta-
tion of the crusher blocks. For each cycle, the area beneath
the loading curve is the total work done on the system; the
area beneath the unloading curve is the recovered elastic
energy, The difference between the two represents the energy
dissipation in the blocks. Figure 33 shows this result as a
function of the depth of the indentation.

The oscillograph trace of the RVDT response is essentially
a step pulse fol owed by a damped oscillation. The magnitude
of the pulse which is calibrated to the rotation of the pen-
dulum can be used to estimate the kinetic energy of the
impacting particles. It is assumed that all of the pieces
which impact a given pendulum can be lumped together to form
an average particle which has a mass, mproj. equal to the
total mass of all the pieces and a translational velocity,
Vp , normal to the face of the pendulum. The lumping of allproj
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of the debris into one average piece is admittedly a simplifi-
cation. However, the error is minimized by removing from
consideration those tests in which the RVDT loading pulse was
jagged. Neglect of the tangential component of the impact
velocity introduces an error of approximately 15% in the
estimate for V This error was estimated based on anproj
angle of approximately 450between the center of the ball and
the side of the styrofoam block and an angle of less than
15*to the top of the block,

The kinetic energy of the debris can be obtained frm
the conservation equations as follows. The momentum equation
may be written

moiV V(n + (66)mrjproj proj +box Vbox

where mbox is the mass of the pendulum and Vbox is the

initial velocity of the pendulum. The energy equation may
be written

1 ) 2  1 2M (proj + mbox)V box (m proj +mbox)gL(l'cosO,,)+Ik sa ,(67)

where the first term on the right accounts for the change in
potential energy as the pendulum swings through an arc of em
degrees (L is the length of the pendulum), The second tem m
represents the torsional energy stored in the springs of the
flexural pivots. Frictional 1osses in the system are accounted
for by using a calibration value for k. This value is
within 4% of the nominal spring constant for each pendulum.
For small rotations (i.e., less than 100) the potential
energy term in Eq. (67) can be ignored. Thus,

k 02
": 2 - ksim2 Va (68)

-- b ox mproj + Tbox

The initial velocity of the pendulum can be obtLined from the
measured mass, the angular displacement of the pendulum and
the known spring constant. Thus Vproj can be obtained

from Eq. (66) and K , the kinetic energy of the particles,can
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be obtained from
= 2

mproj proj (69)

5, Test program - Table 4 summarizes the materials which
were investigated and the pertinent results. A detailed dis-
cussion of the results is presented in the next section.

C. Test Results

1. Borosilicate (Pyrex) glass - Figures 34 -36 show the
force-deflection data for borosilicate glass (Corning 7740
polished pyrex) spheres for three strain rate regimes. For
the purposes of this report, the strain rate is defined as
an average value for the entire test

S= o(70)

yr

where 6 is the measured displacement, do is the initial
diameter of the ball and tr is the time to rupture. Figure

34 shows the data for four tests which were performed at
approximately the same strain rate, This figure suggests
the degree of repeatability of the data. Three of the four
loading curves virtually overlap. However, the rupture load
differs by approximately 350 lbf, and the deflection at
rupture by approximately .002 inches between the tests. For
reference purposes, the classical solution to the problem
is also shown. This solution which was first derived by
Hertz can be found in Ref. 7.

Figure 35 shows the loading data for tests at three
intermediate strain rates, and Figure 36 shows the data for
the highest strain rates which were achieved. The rupture
load and the deflection at rupture for each of these tests is
shown in Figure 37. Although there is considerable scatter

7. Bergstrom, B. H. and Sollenberger, C. L.: Kinetic Energy
Effect in Single Particle Crushing; Presented at the AIME
Meeting, St. Louis, February 1961.
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in the data, there does appear to be a discernable trend
toward increasing rupture lodd and deflection at the higher
strain rates.

The area beneath the loading curve represents the total
work done on the test specimen and crusher blocks. Figure
38(a) shows these results and, again, there appears to be a
tendency for W to increase with strain rate. Where does
this energy go when the ball is fractured? Figure 38(b)shows
the measured kinetic energy and Fi ure 38(c) shows the ratio
of the kinetic energy to the work gone. For this material
and these strain rates, approximately 15% of the work is
recovered as non-dissipative kinetic energy, It is important
to note that this percentage appears to be roughly constant
for this range of strain rates. Keep in mind that this
percentage is probably somewhat low for the reasons discussed
earlier, and also because the kinetic energy associated with
particles which rebound between the crusher blocks is not
measured, The mass not captured by the pendulums is generally
less than 20% of the ball mass so this error cannot be much
larger than 20%, Even if the kinetic energy measurement is
in error by a factor of two, however, it is clear that more
than 70% of the work is dissipated.

Energy can be dissipated in various modes such as heat
or in free surface energy or to initiate and run cracks.
Estimates for the energy dissipation via some of these
modes can be made. Figure 39 shows one cycle for a test
in which the load was released prior to fracture, The
unloading curve overlaps the loading curve. Hence, there is
no plastic dissipation in the ball prior to fracture. The
indentation in the crusher blocks was less than .001 inches.
Hence, the dissipation in the crusher blocks was less than
10% of the total work. An estimate was also made of the
energy associated with the surface area created during the
fracture. A test was conducted in which all of the broken
pieces were collected, and an estimate was made of the total
surface area. Based on a theoretical value for th free
surface energy per unit area for glass of 1.7 x 10• ergs/cm2 ,
it was estimated that less than 1/. of the total work was
converted to free surface energy. Thus, nearly all of the
dissipated energy was associated with the formation and
running of the cracks,

2. Soda lime glass - The loading curves for soda lime
glass (do -. 25 inches) are qhown it, Pigures 40 and 41 for
two strain rate regimes, The rupture load and the total
deflection at rupture for these tests is summarized in
Figure 42, In general, the rupture load is considerably
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higher for this glass than for the borosilicate glass,
although the deflections at rupture are cumparable. The
partitioning of energy is shown in Figure 43. It is clear
that less than 15% of the total work was recovered as
non-dissipative energy, Thus, nearly 85"% of the energy was
dissipated. Again, the plastic dissipation during deforma-
tion, the plastic dissipation in the crusher blocks, and the
fracture surface energ were a small percentage of the total
energy dissipation. TMe bulk of the energy was dissipated
during the formation and running of the cracks. Also note
that the ratio of K/W is approximately constant for this
range of strain rates.

A series of tests was also conducted on larger soda
lime glass balls (d - 0.5 inches), The loading data for
these tests are sho$n in Figure 44. There appears to be a
definite tendency for the rupture load to increase with
strain rate, Note that these loads are roughly four times
the rupture loads for the 0.25 inch balls so that the
rupture load approximately scales with the area. In addition,
the displacements are roughly twice the values for the 0.25
inch balls so that displacement roughly scales with diameter,

In these tests, the non-dissipated kinetic energy which
was recovered varied between 22% and 38% of the tota stored
energy. Thus, the dissipated energy varied between roughly
60% and 80% of the stored energy. Again, this dissipated
energy could only be associated with the formation and
running of the cracks.

3. Aluminum oxide - Five tests were conducted on
alumina (99.9%o pure) balls, The loading data are shown in
Figure 45. There was approximately a 20% increase in the
rupture load and the displacement at rupture for this range
of strain rates. The recovered kinetic energy never exceeded
4% of the total stored energy. Thus, the dissipated energy
was at least 96% of the stored elastic energy,

4. Tungsten carbide - The tests on tungsten carbide
balls also showed a very small nondissipative energy component.
The loading curve for one of the tests is shown in Figure 46,
The work done on the ball during this test was approximately
112 in-lbf, The total indentation in the crusher blocks was
approximately 0,019 inches and, using Figure 33, approximately
80 in-lbf were dissipated in the blocks, Approximately 50%
of the ball was captured in the pendulums, and the kinetic
energy of these particles was less than 1 in-lbf. Thus, of
the 32 in-lbf of work done on the ball, more than 97% was
dissipated during fracture.
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5. Metals - A number of tests were conducted on metal
balls. For the soft metals such as 1013 steel, 1100-F
aluminum, and 2717-T4 aluminum the ball failure was ductile,
i.e., the ball was compressed into a flat disk and did noL
fracture, Hence, all of the energy was plastically dissipated
during deformation.

However, the hard chrome steel balls (AISI 52100) did
exhibit brittle fracture. Figure 47 shows the loading data
for one of the tests conducted with this material. The
rupture load was approximately 13,000 lbf, The total work
was a3rcxmately P70 in-lbf. Of this total, approximately
I in- f was recovered as nondissipated kinetic energy,Thus, virtually all of the work done on the ball was dissipated.

6. Plastics - Tests were conducted on several plastic
balls includIng'polycarbonate (Lexan), acrylic (Lucite),
and phenolic. For the polycarbonate, the loading rates
were too low to produce brittle fracture; the ball was com-
pressed into a flat disk,

Figure 48 shows the loading data for the phenolic ball.
For this test, the total work was approximately 5 in-lbf. The
recovered kinetic energy was only 0.13 in-lbf. Thus more than
97% of the energy was dissipated.

Figure 49 shows the loading data for the acrylic ball.
The results for this material were similar to those for the
phenolic. The total work was approximately 4.3 in-lbf and
less than 1% of this energy was recovered as kinetic energy.
The remainder was dissipated.

A summary of the results of these tests is given in
Table 4. For the range of strain rates tested, the dissipative
energy E*d is always much larger than the recoverable kinetic

energy. The primary component of the dissipated energy appears
to be the energy associated with the formation and running of
cracks when the ball fractures. Extrapolation of these results
to impact strain rates is difficult, and it is not clear that
the partitioning obtained in the laboratory will occur during
impact. However, it is clear that an efficient penetrator
materia. must be able to dissipate most of the work done on
it by the target; the recoverable kinetic energy must be kept
to a minimum.
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ii
VI. CONCLUSIONS

1. A wide range of target materials has been tested in the
A.R.AP. Impact Facility, and their impact properties have
been evaluated using the integral theory of impact. The
materials tested include soft and hard metals, ceramics,
metal alloys, plastics and composites. The results demon-•I :strate that the impact performance of a target material can
be characterized using the two material properties E*p and
strate th.teipc efraceo agtmtra a
E*e

2. A theory has been developed which relates Ep and E*epI
to more fundamental material properties. The theory yields
simple equations which can be used as a preliminary screening
tool to suggest candidate materials for particular impact
applications.

4 3. A long rod penetrator model has been developed. The
model contains two cells, satisfies global conservation equa-
tions, and accounts for material strength using the A.R.A.P.
concept of adiabatic hardness pE* . The numerical code
based on this model predicts penetration depth, ballistic
limit velocity, residual mass and residual velocity in good
agreement with data for the high velocity impact of homogeneous
rods.

4. A fundamental experiment has been performed at laboratory
strain rates which demonstrates that most of the strain energy
stored in a penetrator during compression is dissipated
when the penetrator fractures, The primary dissipation
mechanism appears to be associated with the formation and
running of cracks,
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APPENDIX A

MATERIAL QUALIFICATION TEST DATA

This appendix contains a summary of the data obtained
during the material qualification tests, For each material,
the following items are tabulated:

(1) Test number

(2) Target identification number

(3) Target thickness, inches

(4) Projectile material, WC - tungsten carbide
ST - chrome steel

STB- soft steel

(5) Projectile mass, grams

(6) Projectile diameter, inches

(7) Projectile velocity, feet/second

(8) Crater depth, inches

(9) Note for test anomalies

A - Projectile remained embedded in target

B - Projectile broken

C - Target backface cracked

D = Penetration greater than half the target
thickness

E - Target backed with rubber,

Note that the data are tabulated in both metric and English
standard units. The conversion factors between the systems
are

-3
1 gram = 2.205 x 10- ibm

1 meter = 3.281 feet
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T ru or ;APPENDIX B

SE EVALUATION

The results of the E* evaluations for each of the
target materials which were qualified are shown in Figures
B-I to B-14. The procedure by which these values were obtained
was described in Chapter II. Briefly, these values of E*
when used in the integral theory result in a computed penetra-
tion which matches the measured penetration for a given impact '1
velocity. The data are plotted versus nondimensional penetra-
tion de th because of the functional dependence of E* on
p/do w•ich was noted in Chapters II and III. *
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1O. ACRYLIC TARGET
ACRYLITE

0 .250" WC BALL

g ACKFACEI CRACKING

\\E 11 + *19O(P/do)

3K

.1 .02 I , , I . i I I I I.02 .! pI/d
p /do

Figure B-1O
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GLASS TARGET I
CORNING PYREX 7740

0 .950" WC BALL

S0 .154" WC BALL .

0 .156" STEEL BALL

CONSIDERABLE
400 DACKFACE SPALL

300 0I

E*, Btu/Ibm

200 o0

E as 105 Btu/IbmIOO0 ---- - - - - i
0 0.!

ol I0 , I , I I
.06 .1 I

p/d 0

Figure B-12
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APPENDIX C

SUSER'S GUIDE TO ROD CODE

This appendix is a user's guide for the ROD code. It
contains:

(1) a sumiary of the system of nondimensional equation.;

(2) an explanation of the method of solution;

(3) FORTRAN lilstings of the mainline program and all
subroutines;

(4) input specifications;

(5) output translation; and

(6) a sample case.

A. Nondimensional Equations

The system of equations which defines the penetration of
a long rod projectile is sunmmarized in Table 3 This system
consists of 14 first-order ordinary differential equations.
It is convenient to solve these equations in nondimensional
form, The nondimensional parameter. are summarised in
Table C-1.

The solution technique requires that the differential
equations be in the form

-d. - F(xY) , (C.l)

where Y denotes a column vector of the dependent variables,
and x is the independent (time variable). Without going
into the details of the algebraic manipulations, it is
possible to rearrange the equations to obtain the system
summarized in Table C-2. In the order in which the equations
are written, each derivative is expressed in terms of the
independent variable and the preceding dependent variables
as required by Eq. (C.1).
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TABLE C-I 11

NORMALIZATION PARAMETERS

Quantity Dimensional Nondimensional
Symbol Symbol

Shaft Velocity V± v" V

Head Center of Mass Velocity Vm y cm /Vm
•i'•+Head Front Face Velocity V1 yA "vA/V

Head Edge Velocity VT YT - VT/V+

Interface Velocity Vb it "b/V

Mass in shaft meMass in head mh h

Mass eroded mb M mb/mp

Radius of head b b -bli

Half thickness of head P =
Depth of Penetration P P = P/Rp
Total Kinetic Energy K K K/K

Shaft Kinetic Energy Ke Ki Ks/A
Head Center of Mass Kinetic Energy Kcm Kcm K/Kjp

Head Relative Kinetic Energy Kr K r K/K

Density Ratio =-
Rod L/D L - Z/2aP _P.+2
Hydrodynamic Mode Energy of Target E* E* - E*/V 2
Rod Energy Dissipation E*d E*d *d/V+ 2

Adiabatic Yield Strength of Rod = -= o/ Vp
=V+

Time t p t

Normalization Parameters are P

V+ characteristic velocity - 1,000 ft/sec
mpr - initial mass of rod - ra pP
lp - initial length of rod

Kp - characteristic energy - 7 mpV+2

a - radius of rod
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TABLE C-2 2

NONDIMENSIONAL SYSTEM OF EQUATIONS

-. 16 L2 b h

i•.+2 + 2 , %
h,.C, - em i + 2 fah ,,, %,

+ 2,, (+,.Vom>2., [9scm E'.
- Kcm

I- - %

-, 2 ; 5 -(ý 2 i

K V,+ -+
" VcM+ 451 39t 9

T 25

---- - ,>o ----- - - - - - -- -----

- oa <+ o

+-2- :I-b 1 (
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B. Method of Solution

The numerical problem is to solve a system of simultane-
ous first-order ordinary differential equations given the
initial value for each variable. The solution technique uses
Hamming's modified predictor-corrector method for the solution
of general initial value problems. This method is a stable,
fourth-order integration procedure that requires the evalua-
tion of the right-hand side of the system only two times per
step. This is a great advantage over other methods with the
same order of accuracy, such as the Runge-Kutta method, which
requires four evaluations of the right-hand side per step.
However, the method is not self-starting; that is, the
functional values at a single previous point are not enough
to get the functional values ahead. Therefore, to at the
starting values, a special Runge-Kutta procedure followed by
one iteration step is added to the predictor-corrector method.
In the ROD code, the subroutine which performs the integration
is HPCG - a listing of which isprovded later in this
appendix. The routine is part IBM's scientific software
packageand precise details of the numerical procedure are
available (Ref. 8).

The ROD Code is run in discrete time steps; the size of
the steps is controlled by an input parameter. The predictor-
corrector method is used to solve an initial value problem for
each time intervali the solution at the end of a given time
step is the initial condition for the next step.

C. ROD Code Listings

A FORTRAN source listing of the ROD code is provided
at the rear of this appendix. The code consists of a mainline
routine RODML and four subroutines RODDE, RODES, HPCG, and
OUTP. These routines perform the following functions.

RODML - mainline routine which controls:

(1) input and output,

(2) variable initialization,

(3) integration of equations,

(4) computation of auxiliary quantities, and
(5) run termination.

Ref. 8. IBM large computer scientific subroutine package.
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Ii 'RODES - subroutine which evaluates E*d

HPCG - subroutine which integrates the system cf
equations

RODDE - subroutine which evaluates the derivatives
as required by HPCG

OUTP - external output subroutine required by
HPCG. It is not used in ROD except insofar
as to satisfy the EXTERNAL statement.

D. Input Specifications

The ROD code can be run using card input. The input
specifications are shown below. FORTRAN format statementsare shown in parentheses.

CARD 1 (115) Number of Cases

NCASE - number of impact cases which will be run
(no limit)

For each case, the following cards are required.

CARD 2 (40A2) Title Card

ITITL - title or heading which will appear on each
page of print-out

CARD 3 (6F10.0) Rod Specifications

VELOC - normalized impact velocity, equal to V/1000where V is the impact velocity in ft/sec

ELOVD - length to diameter ratio of the rod

EFREE - normalized E*d of the rod material, equal
to .01052 x E* where E* has the units
Btu/ibm

SIGMA - normalized adiabatic yield stress of the
rod, equal to .01052 x E* where E*, has
the units Btu/lbm

EPSO - the plastic strain permitted in the head
before erosion occurs, present value 0.36

THICK - normalized thickness of the target, equal
to T/Rp where T is the thickness of

p
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the target and k. is the length of the
projectile

OBLIQ - angle of incidence, in degrees, from the
normal

CARD 4 (215) Flag Specifications

NPRNT - number of inteoration steps between print-
outs (usually 10)

NLAYR - number of separate material layers in the
target (maximum value - 5)

CARDS 5-9 (4F10.0) Target Specifications
A separate card is needed for each layer of ths target.

DENS - ratio of layer material density to pro-
jectile material density

ESTR normalized hydrodynamic mode energy, E
of the layer, equal to .02505 x E* and
E* has the units Btu/lbm

THIK - the normalized line-of-sight thickness of
the layer, equal to T /Xp where TM is
the line-of-sight thicIness of the layer
and A. is the length of the projectile.
Note tat

NLAYR
THICK -CO$(OBLIQ) x T• 0m•

DTAUI - the integration step size in nondimensional
time, usually 0.002. Recall, the non-
dimensional time, T , is relatrd to real
time, t , by

S- 1000 t/ Z.

The cards for all impact cases must be input prior to
execution of the first case. The code will process each case
sequentially provided the preceding case is not terminated by
an error. If an error occurs, the execution of all subsequent
cases is terminated, A successful terminatior of the case
occurs when one of the following occurs:
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Ii
(1) the total kinetic energy of the rod is less than

0.1% of the initial kinetic energy;

(2) the axial momentum of the rod is less than 0.1% of
d! the initial axial momentum;

(3) the front face of the head of the rod penetrates a
distance equal to the total thickness of the target.

There are varioua conditions for which abrupt termination
of the code will occur. When the program terminates prior to f
successful completion of a case, an error message is printed
These errors include:

ERROR 1 - denotes a situation which yields an imaginary
solution of the equations. This errox is the result of global
modeling of the deformation field in the head. There is no
solution to the problem using this version of the ROD code
although a future version which utilizes a somewhat different
formulation for the system of equations will eliminate the lerror. !

ERROR 2 - denotes an error in the solution subroutine
HPCG. The predictor-corrector algorithm cannot integrate the
equations within its own internal tolerances. The problem
may be solved by changing the time step - which is an input
item - or the internal tolerances within HPCG - which requires
code editing.

ERROR 3 - denotes excessive build-up of integration error.
Try a smaller time step.

ERROR 4 - deniotes that the code requires more than 2,000
integration steps to complete the case. This error is
included to prevent looping. Try running with a larger time
step. i

In addition to these error messages, there are two

additional messages which will occur which are not errors.

END OF LAYER - denotes that the front face of the pro-
jectile has penetrated a distance equivalent to the thickness
of a layer.

END OF SHAFT - denotes that the shaft has been completely
eroded, and only the head of the rod remains.
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E. Sample Case and Output Translation

A sample case is presented to illustrate the input
specifications and to translate the output. The case is the
normal impact of a tungsten alloy rod (Mallory 3000) into a
semi-infinite target of rolled homogeneous steel armor. The
impact velocity is 5,046 feet per second. The value of E*
for the rod material is 50 Btu/lbm and for the RHA target
E. is 200 Btu/lbm. This case corresponds to an actual test
performed by BRL for AMtP.

The input cards for this case are as follows:

CARD I 1,
CARD 2 MALLORY 3000 ROD INTO RHA AT 5046 FPS

CARD 3 5.046,10.1,,.526,.526,.36,1000.,0. I
CARD 4 10,1i,

CARD 5 0.462,5.01,1000.,.002.
An explanation for each of these inputs is given below.

CARD 1 NCASE - 1 One impact case will be calculated.

CARD 2 Title and page heading for case

CARD 3 VELOC - Z.L-5 fps - 5.046
V 1,000 fps

S_ 80.26 mm
ELOVD - 0.- - L0.1

D 7.92 mm

E*d .42E* (.42) (50 M) 4104ft2/sec 2

+ -+ f Btu/ lm

- .01052 x 50 - 526

Note the conversion factor required to

make EFREE dimensionless.

a .42pE, .42 E*
SSIGMA- - +2 - EFREE- .526

P. p
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EPSO - .36 (model parameter)

THICK - T/_ M 1000 (very large value to
appoximate semi-infinite target)

OBLIQ 0. (normal impact)

CARD 4 NPRNT 1 10 The solution for every tenth inte-
gration step will be printed. In
addition, printouts automatically occur
for the first step and for significant
steps such as layer penetration.

NLAYR - 1 The target consists of one layer.

P 7.86 g/cc
CARD 5 DENS - P 7 - .462

p 17.0 gm/cc

Btu 2/bec 2E, 200 1 t0/sft
ESTR --- - x2.505x - - 5.01V+2 06 £2 31nib

10 ft Btu/ lbm

sec

TITHIK - - 1000 (very large value to approxi-
£p

mate semi-infinite layer)

DTAUI - .002 nondimensional time step.

The output for this case is showu on the following pages.
The top of the first output page contains a summary of the
input specifications for the case. This is followed by three
lines of headings for the output parameters. Table C-3 pro-
vides a translation for each of these parameters, Each three
line grouping beneath these headin a provides the solution of
the aster of equations at the indicated time. Thus, the
time hists ory (or the history versus depth of penetration) for
any of the variables is readily available. The final grouping
of three linee is the soluticn at the final time step. In this
case, the penetration terminates at T - .402 (which corre-
sponds to t - 106 1 sec), and the rod has penetrated a diatance
PEN - .954 (which corresponds to ,954 x 80.26 mm - 76.6 Mn).
The run is terminated at this point because the total kinetic
energy in the head is less than 0.1% of the initial kinetic
anergy in the rod.
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Table C-3

OUTPUT TRANSLATION

Output Heading Symbol Definition

TAU Table C-I

-V'S Table C-i

VIM ~cnTable C-l1
V-PEEP Vj Table C-i
VT Table C-I
VB Vb Table C-i

WIDTH _ = 2 x b (Table C-1)
THICK _ 2 x L (Table C-1)

PEN p Table C-i 71
"•MH th hTable C-1

MS Table C-i

MB =Table C-i
MASS RATIO - (m + 4

ESTAR E* E*, in Btu/Lbm
!i KK TabI* C-1

KCM K Table C-i
KS KTable C-
" KR Table C-i
K-DISS KdK "Kcm " K "K

K0 -ainitial kinetic
___ ___ ___ ___ ___ ___ __ ___ ___ ___ ___ ___ __ energy

1J
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C RODI4L.FTNowwwaROD PROGRAM MAINLINE
C

-C _THIS PROGRAM COMPUTES THE bEMAVIOR OF A
C TWU-ELEMENI ROD K1T~l A DEFORMING HEAD)
C

EXTERNAL..RODDErOUTP

c

L .- - I00 FME N CIN ,51X,'T(5R CELL D RO Y ROC AMI

1000 FORMAT (6S
1001 FORMAT (14 ,K5,X5,5(R51,E3M

' 2007 FORMAT K,'E* X'A R AsEIK PCe, INOelI)
.2002 .FORMAT (IN PIXO.TARGCELL ,LYROD1,XD~' PROGRACML.....

16-00 -FORMAT...-(140.1YXTAU'pOX'V',I
204FRA 'VB',IOX,'MZDTI4',qX,'PTHICK') LY~pX#TIC

2012 FORMAT (1I4 *3,9EIM.4)p~vxfI34

2013 FORMAT (1IN t3X6E44I)

ý_204 .FORMAT ( H0194 ,1x I,7C GE14TM, LAYERIX 2p6Xi' DENS1 Ti

2' 001 FORMAT (IN 'ERO R 4')lOpVtlltVMPI~$-ER~l~'Vll

3010 FORMAT (IN *X'PENO FIOOMI~xlSP3oMl9# 5 LRATRIO'#

( 2 005 FORMAT (I14 #9END F * AT'

3006 FORMAT (IN vlRROR 4'__ .).

I NQUTab

C READ INPUT CARDS

10 IAD_;IN100AS NCA3
IF (ICASE. LE. NCASE) GO TO 20

-C.!LL E.EI
20 READ CNINP100t) ITITL .-- .. ~----

READ CNINID02) VELOCELOVDEFREESIGMAEPSO.?HICK#,OBL1O
READ (NIL 0)NPRNTI_ NLAYR___
DO6 1j _N~lNLAYR
REA (ININ#1002) DEN3CN),ESTRCN),TH1K(N),DTAUI(N)L~~ ITICNTINUE __

C INITIALIZE X VECTOR



C X(l) 13 VC'4

c M(M) is VY
*C X(S) 13 MS
C XC6) 1S MH
c XC? is #48
c X (8) 13 B

C XC(9) 13 L
7- C XCII)j 6718 KS

C x C I ) S KSM

C XC13) 1S KR
C XC14) is P

MXTOLES?000

ZKSTR.o~l
ESTOKoU 10 All____ ____

L.X.CI) 80LOC

BZRO*O.5#'EL.OVD
EZfROaZKLB*BZRO

DISSuZKSTR* CdI.*ELOVR.C0.54.I6.'*ELOVB*ELOVS/3.0)*ZKSTR)
C I )u ELOCuZ, O*ELO VS*X C4)

X (6)s.8,0* ELO VD*ELO VD*BZRDa BZ RO*ELZRO

= XCQ)oELZRO
)Q1IT) axi7) Xji X- I.....-- 0--.. ... ..

XC 12)uX (6)*X (2) *X (2)
XIEXC3).X(2)

XC 10) EXC11) +XC12) 'XC13)

DO 30 121,NDIM

4c-
-~~~ -TRI T NINKUTT--

ovRITE CNOUYP2001) .

wAIRTE CNOUTZO00) ITITL
~~y WRITE CNOUTP2004) .~.

1'WAtT"NIOUT,2005Y NCASEoNPRNT;-NL-AYR#,1MIcK
WdRITE CNOUT#2O0b)

___ WRITE CNOUTP2007) VELOCEL0VDSIGMP4AEPSOLFREEPCDOSL1(G
-- b0 -4 0-N a pN LWY R

'WRITE CNOUTP2008) N
WRITE CNOUTP2016) DENSCN).TH!K(N).ESIRCN)eDTAUI (N) __

-9F-CO0N Y P
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C ~INITIALIZE REMAINING PAR4AMETERHS
C

YAU8O00

ILA1021
K LAYFPOO

LCORRmO
LSiHF~a1
FSuD.0D

THE NOSTHICK/COS (OW..IA

t4 OTAUDTAUICILAYR)
~. ESIRTaE.SIRCILAYR)

TAULRs1MIKCzLAYR)

IMOM0uVELOC
ZENONVELOC*VELOC
ISIT sm

4, IlAUS.O

LFL A :0

LLINE*12+3*(NLAYR-1)
LBOOTal

10 DO iao Il- D

YkMCI,:XCZ)

DO 130 Ia*NIEuZME8T

DY(mTEMPU1ONI

1-i30 CONT INUE

c _________I.NIEGRAIE THE SYSTEM OF EQUATMO43

CALL HPCG(PRMTYDERYNDIMuIHLiFPRODDEeOUTPhAUX)
....J!~ ~ ~~-kl -P.,...~u 0 O TO13 ___

wif TE (NOUTD3002)

A' ftffKOR LAYER PENE RA I~i ATION------- -
% C
_l)_LTAUOKm(j,6!TOLER)*TAULR

4 ~IF-cY*(1B) * LI. ,TA-U-0-0 TO,13S ..--.

TAUB~uCI 00*TOLER)OTAULR
IF CYCIS), LE, TAURG) GO TO 133 ___ ___

iw~rI.CrA-ULR.X-Cf )i5 0/YPs);-X-t-f S
DTAUnDTAU*RATIO
TAUsTAUM _______

(p 133 ILAYRaILAYR*1 139



DHA'nDl N ( ILA YROAUUOnAUI (ILAYR)
V: EST#NTaE3TRCILAYR)
1K -. ~TAUL~aTAULR+THZK CILAyF4) __. -*

L PRt4IT uI
LAYFGuI
IF- (I LAYR, GT, NLAYR) LTERMSI

C
C STOP THE GROW~TH OF THE HEAD

1S I F ( YC(I S 9 7. (' YC1)Y(S
IF (YC7)* OTo 0.0) 00 TO 13S9

Y(11)m0.0
-.3S9 G 07J0 _(1.3.S1 o 352.o13.6),pL 6DO0T.

13IIF CYG~ 97. SMAX) GO TO u13S2-.
I8PREDm2.O*YC6)wX CS)
*.I*(8P..RED*.LTl SMAX) GO TO 136
SLOPECBMAXoYC8) )/(BPRED-Y CB))
DT AUaCT AUw'T AUM) * L OPE
*LBpOT.2
GO TO 13 6

13S2 BMAXNYCS)
DTAUnDTAUI (ILAYR)
LtIDOTm3

C PREDICT LAYER PENETRATION

136 IF (LAYFG, 10, 1) GO TO 1369
YPREDU2, 0*Y( IS) K( 5)
TAUOKxt I O-TOLER)*TAULR

IF CYPRED, LT, TAUOK) GO TO 1369
RATIOsCTAUL~tmY(15))#(YPRED.Y(I 5))

IF (OTAUP* GE. DTAU) GO TO 130~
-- - DTAUnDTAUP

IF (LBOOTS" EQ. 2) LBDOTmI
C
C PEITEND OF 3HAFT

1369 Go TO C1370?1371#137M)#LSHFT
ý1370 PO(JMS*2*0*YC7)uXC7)

IF'(PDOM3*;-G16-bool C07-0-1373 - . .- - -..

RAT1OWY(5)MY(15)aPDOMS)
OTAUP*RATIOa (TALJ.TAUI4) ___________ _

LSHF 1.2
~~LRN TmI

1371 L SHF T a3

-Y(4)2.0 5*Y (8). CY C)-Y C)))Y (9) ___

IF C(YC'O GE. FACT) GO TO 13715
Y(M)vF:ACT

1371S Y(13)aY~b)*(0.5*YC4)*Y(M),CY(3)-YC2))**2/3s0)

C ~TIME STEP AND PREDICTIONS FOR NEXT 3TEP COMPLETE
- ~140 I



Ž C
1373 V~sy(3),2vO*CY(2)wYCS))

IF CVI. GE. Ytt1) Go TO 1373S

~IF CLCORR, EU.o 1) GO TO 13738

YC4)uOo.*Y(8)a( (Y(1 )-VtJ)dY~b)-(Y(3)-Y(2))9YC9))

-Y A 1l3) uYA i)*-(Y.CL)*YCM)/Z.0.CYC3)-Y(2))eeZ/3.0)
LCORRaI

13735 F S x0-.0

F13738 CONT INUE
.(LSFL.GE. 3) GO TO W34

IF (YCI). GTo VS. OR, Y(7), GTo 0.5) G0 10 1374
LPRNTaI
GO TO 1371

1374 TEMPaY(S)sX(5)
IF (TEMP, Ego 0,0) GO TO 13741
.PPROjitY(14)(,9.50-Y(S))*(YC14)-X(14))/IEMP.I' ~ 13741 0O 1375, IslNDIM
xCI)BY (I)

-. * CHECK.. FOR RUN TERMINATION-

ZMOmvYC7)*YCI )+YC6)*Y(2)

IF CRAM4OM, GTo STOP) GO TO 140
VA LIERM81

Ap 0.rJo. IS 0
140 ZENERsYC7)*Y(1)*YC1 ).Y(b)*Y(2)*Y(2)

* RALNHUZENERIZCNO
IF (RAEN!RA.9GT, TOP) GO TO 150SO.

* 150 IF CYCIM). LT, THENO) GO TO 155

C
C CHECK THE FLAGS

155S K P fa-K0 T*
IF (ISTEP. EQ. 1) GO TO 190

L F(KPT -,E.__R!N7)_GT-A- - --

LPRNTnUfp
U KPTsO

165 IF-LTEftM. Ego1., OR, LEXIT. EQ. 1) LPRNTuI ______

IF CLPRNT, EQo 0) GO TO 200-
IF (LFLAG. EQ. 0) GO TO 19S

CPRN THPAEHAIG --.--- ------ i-

C

190 IF (LLINEt_ NE. 0) GO TO_193

( WRITE (Nn~UT#20O3) ITITL

19 WbRITE (NOUTt2009)
t I WRITE (NOUTP2010)

LLINEaLLINE+4_____________________H LFLAGuO

LCc_______ COMPUTE AUXILIARY QUANTITIES ~ ___

19S VB'YC3)+Z.0*CY(2)-Y(3)) 4



0ID7Mm2,0*Y(s)
T11C32.*0.VC9)
RATmUI O.Y (5)
D15S~uVELOC'VELOC-YCll 1-w(12)aY(13)
HE ADMUB * OELO VD*ELO VD*Y (8) Y(8) (9)
RELK.Y(6)u(1.5*YCM)tVUM),(YC3)-Y(2))**2)/3.0

* ERRMx1.0-4EADM/Y(8)
IF (ERRM. LE, .50 OR, LSHFT. GE, 3) GO TO 1955
WRITE (NOUT#3006)
CALL EXIT -

EaCSTAR*39,91761

C PRINT THE OUTPUT - -..

C
WRITE (NOUT 20.1.2)-,TAU Y ( I Y(2) Y (3) Y (4) ;B.YP;NDTH#IC
WRITE CNnuTia)iz) Ymai),Y~bisy(7), YC)R A M v ('15), E..
WRITE CNOUT#2012) YC1O)*YCIZ),V(11)tV(i3)pDISSK
IF. (LAYF', EQv.. 0) GO TO 196
ILAYsILAYR-1
WRITE CNOUT,300'i) ILAY
LAYFGx0

IF ~ ~ '6 bLt1T E )WRITE N60f;3bosS

WRITE (NOUTf2013)

LPRNTmO
IF (LLINEm L.E. 55) GO iO 197

17 IF (LTE.R'4 NE, 0) GO TO 10
*1F_ ISTEP._E£0.1) GO TO 100__
IF' (LEXIT, Ego 0) GO TO 200 - ..

IF CISTEP. EQ. MXBTP) WRITE CNOUT,3001)
CALL EXITF-: END

1,42- _ _ _ - - * - --- -



Im

* - C RODDE---..ROD PROGRAM DERIVATIVE EVALUATION
SUBROUTINE RODDDLCY#DEHY)

C THIS SUOROUTINE IN THE ROUd PROGRAM
C EVALUATES DERIVATIVES FOR HPCG INILGRATION

L C - COMMON BMAXSIGMAELOVDESTBK4LFREE, THICKRHOtESTRTCuFS

COMMON OBLIQES1ARPPROJLBt)OT, LAYRNLAYHLSHFT

IiAQQ- E ORMt J. th. MRp9R~)...... F- 1 ...~.-.......

C INITIALIZE VARIABLES FOR THIS STEP

V muY(l) .. * .. ..

VPERPnY (3)
VTxY('4)

EMS WY C )

EL;PY(9)
CXEY( 10)

f ~EKCRUYCIZ)

YHEADY(1'S)
a C
-C_______PRMTRDEITIN___

XIwVPERP-VCM

LLDSO.EL0VD*E LOVD

C'H-E'CK- -DSISC 0IHW1N'A-N T- OF Q'UAO6A'WifCYt TEM

QUAOIuC3.042.0*BIGA*PIGA)*EKR/EMH'
FACTmv3-VCM

!OU ba ffBiGB*8BI FA~f-C
GUADsQUADI.0UAD2

WRITE (NOUT, 1000)

___ CAL EXIT0

C0 IV AL T I.E 2) F~0 FFACIOR8

K C

5 IF (LSFS.Ll 3Q .) GO TO 20

F-z. . . .- - ....-
20~~ IF MOT I.s2 .z



DERYC1)OSwIGMA.#EMS
GO TO060

so DERYCI)%04o
60 ERY(5)u16.o.ELQSGaB*ELVT*FH

0i.RYC6)mFSaDELTA-DERYC5)
OERYC7):-F5*DELYA
DERYCiI ):VS*(VSDERY(?)2,0*OEmsaOERycI))
OERY(8)=VT*(1.O.FH)

- EVALUATE EFFECTIVE E* OF ilHEROD MATERIAL

IF (EFREEs EQ. 0,0) GO TO 6S
CAL ODESCVCYMVSP9STRD.)

GO TO 87
65 ESTRf~sO.O

C F EV0 LVAT AC A CkWCE E FF EC T

ES!7A R nE 3T.RT LT.NiROTO0*

ORKPTaTHICK-4,0*B
PENTHaYHEADaC0S(ORLIQ)---.------.-,---
IF (PENITN E HC) dT 0L
ESTARvO0*0
GO TO 90__ _

70 IF 9f.H E.BKTGQTQ - ..

ESTARxESTRT*( I .0(PENIHuBRKPT)/M.O/8)
90 IF CYHEAD, _LT, PEN) GO TO 93
K ~ F Ir (VCVPRP T. 0-0) -GO' TO"93 .----.-.--.-.

FC1kCExEST AR+CD*VPERP*VPERP/2,0
O.ERY(14)XVERP- -

00GOTO 95---
93 FORCEmOs0

XIsVPERP-VCM

ZXRl.oDERY(5)*FH*CETA24XIZ/3*0)
ZKNRumS .0*RHO*BSg*ELOBQa* I*FORCE
FAC~aVSOVCM -..-

ZKR3*2,0*SIGMA*F$*FACT
Z KR Suu2.0* UER Y C) *(FAC * F ACT/2. 0-E ST RD)
r)ERYCI3)BZKR14zKR2,ZKR3+ZKR4
DERY(2)x-VCM*(DERYC5)+DERYC6))uVD3.DERY(7)-EMS'DERY Cl)
I -4.O*BSO*ELDS0*FORCE*RHO
rERY(2)UDERY(2)_/EMH ----

.4 I OERY(12)uVCM*(VCm*DERYC6)2,20aEMHaDERY(2))
O.-,ERYCIO)sDERY(11).DERY(12)+DIERYC 13)
DERYC9)BVPERP-VCM
DERMCI)WVERP i

~~ACTORS'FOR VPE P-ANDVT0EP1-A T I vE 8..

b.c .ABAHs(3.fl.DERY(13)e-l.,LTEA2+X12)*DERY(6))/EMH1.--....-
Ci WEH Y(T DRY?)F 3/EMI4

FACl1uDERY(8)*VTlB
tjFACT2sE1*(DERYCB)*VT)/EL___

C ACTI sDER Y(6)*C2.O*VT/8,XI/EL)/EM14II~ FACT ~xXl212 EL/'EL+2oO*VT*DERYCS)/BSLI- - - -. - - -

DOARuI.0/B14



EPARaS .0/EL-F S/EMtN

C LAST TWO DERI~VATIVES
c

I ~DERYC3)xDERY(2).U?.Q.At3AR*DBAR-3.OaEYA*CBAiR),DENOM
L~flERYi ). (C~iAR4LAR* (IERY (3).flERY(2) )) )#ioiOAR . .

END

194

L _



CRODE--- RHOD PROGRAM ESlAH OF 400I
5UBROUI1NE RODESCVCIVSI.,ESTR)

- 7 HI5 3U $ROUTINE 14 THE ROD PRO1GRAM

V COM'iUTES TML EFFECTIVE ESTAR OF THE RCOD

C__-C0OMMON BMAXBIGMAELnVDESTbKEFREE,IHICKURHO,ESTP4T,CD,F3

COMMON OBLIGESTARoPPROJLBDO1, ILAYRNLAYHL5HFT

RATIlOwOs5*VSI.VCI)**?/EFREE4 t I ~IF (RATIO. Us. ESTSK) GO TO 10-.-.- -

... STR.3CPREE*RATlO/ESTRK .. .I

RETURN
t0 E3PR8EFREE

OV

____ _____ . 146- - . .



Ti; VRU~I~CUINE DUTPC~rYpDERY#2IJ,.FNDIMPPRMT)

END .*

14,



r. C HPCG * PREDICTOR-CORRECYOf4 ORDINARY DIFFERENTIAL EQUATION SOLVER
SUBROUTINE MPCG(PRMP4TYDERYNDI 1,IHLIFCTOUTPAUX)
DIMLNSION PRMT(S)#YC3),DERYC1)*AUX(1b#l) -. -

- NDIMENDIIR
Nal

- IHLFw0
XzPRtMT(l)
IHuPRMT(3)

- , ~~. 00 1 2u1,DI
41 AUX( Sb, )2006

*AUX(1SI),xDERY(I).

10 1 AUX(1It)BYCI)
.2IF (H*CPRMI(2)-X)) 3#2P0

00 3 INL~mI3
4~._ CALL FCT(X Y#,DE.RY)_

CALL OUTP(EPY#DERYPiNLreNOIMtPRMT) .

IF (PRMI(S)) 6tS~b
IFCHFZ.. __

6 !LI*IMLF7 RETURN

DO 10 I31,NDXM

it IHLF aI HLFl
X.X-H
D0 22 Iwl,pNDIM______

GO 10 100

Nr?
DO 14 IslNOIM__ _ _ _- --.----- .- . -.-.------.-

A U X T #I2, ---f
,( l AUX(991)*DERYCI)

fIS DELT*0.0
D~O 1b Ia1,NDIM

lb ELTGDELT.AUX(15,I)*ABSCYCI)-AUXC'4,X -.-.

DELTa 0s.bbbbb67*DELT
IF CDELI*PRMTCO)) 19pqi -___-.-----.-.-.

~rou --.--.

39 XuXqH
CALL FCT(XtY#DERY)_________

( AUX(3#1)aY(l)
20 ___.UKC10rI)nDERY(I)

I~h~*iI148



GO TO 100
a1 Nut

CALL FC1(XpYpDERY)_ -

DO 22 Iu1,NDIM f
__.AUX(i1,I)X DEEYC)... 1

I -0.2083333*AUXCIo,1),09041e6b6b7*DERYvU))

CALL FCT(XtYoERY)

IF CPRMTC5)) 6P24,b

25 AUXCN#I)UYCI) 1
[26' AUXCN.7*1)EDE~RYC1)

27 DO 28 ImlrNDIM
DELTUAUXC9#1)*AUXC9#1)

28 YCI)UAUX(lI).0.3333333*H*(AUXC8,I)4DELT4AUXC1O, I))
so T0 23

DELYNAUX(9, I) AUXC tOI)
DEL TaDE LT+DELI4 DE LT

L..A_( I ) PAJAU.0 -- )±f0. .3-75Ad*_(A U 9AA.U. llt. D~ 1dAiJ.V..( .. J
GO TO 23

100 DO 101 Is1,NDIM

AUXM5#.Ux(Nj).. ....Z~. .

10 (~AXNI)+O4*~Z____________

CALL FCTCZY,,DERY)
DO 102 Is1,NDIM

AUXCbfI)mZ
102 YCI)uAUX(N, I).O.2969776*AUKC5, I)+0.1S5759b'Z

CALL FCTCZ#Y#DERY)
DO 103 Iu1,NDIM

AUX(C?, )MZ
103 YCI)xAUX(NI),O.2181001IhAUXCSuI)U3.050965*AUX~b, I)+3.832&S*Z

CA LL FCYCZPY#DERY)
DO0 104 Jul#NDIM

I *1.205536*AUXC7DI)4ODI17118M8*H*DERYCI)
G0 O 10 Cq,3o15,21),ISW

-PO ISTEP03
~201 IF (N-S) 204#.202P204
202 DO 203 N82#7 1

AUXCN.1,I)UAUXCN. I)

203 AUXCN~brI)BAUXCN+7#I)

Do 20S In~oNDIM
AUX tj~f I) SY (I ) __

-i-9 AUXCN46,I)zUDEkYCiI)14
Xu149



206 )I.uSE~
00 207 Is1,NDIM

*k- AUX(N+4*1~)#AUXCN+4,1), 2
~A~Y CI)*DtLT-0,4254I98*AuX( 3~I

27 AUX(16,I)wDELT
CALL.FC.TCX,'vDENy)
D0 206 1m1,NDIM
DELTUO,125*(9.0*AUXCN.1 e?)sAuXCNe3,z)+3,0*HeCDERYcz),AUXcN,

6, I)I 4AUXCN+6pI)-AUX(N+SoJ))) 
-______

IA AUX( 16,1 )xAUXC1,Ibp)-DELT

209 DELTUDELT.AUXC15,I)*ARSCAUXC16,1))
-- trSPLZRt4)'210022 CAL FCC Y2E~

CALL OUIP(XY#DERYPIHLFPNDXM#PRMT)L -- F- CPRM I S)2 12.2 f ,1 a I
211 IFC(IX-iff) 2131#12,212

2123IF HL121HLF ))21,22,

2314 IF (AI0S(XPRMT(2))m0*l*ABSCM)) 212r215#2152~iDELT -0. 02*PRMT (4) )- 216 , 216 p201
216 IF (INLfF) 2061,201,17
217 IF (N-7) 201,118,216
18-IF Z(ISTEP-4) 201j2l9, 219 ____

IF CISTEP-IMOD.ZMOD) 201,220,201
220 HaH+M

ISTEPu

AUX(N.6,I)*AUX(N,5,4 
___

AUXCN+5,I)uAUXCN,3#1 
h)AUXCN*4#1luAUXeN+Itl%

DELT 'WUX(N+6f I +AUK(N950I)
DELTUOELT+DELTDELT

.......AUX(l6DI)ue.962963*cYc:)-AUXCN-3ol)).3o361111*H,(DERYCI),DELT
I 4AUX(NM a40I)) 

_GO 10 201
222 IP4LFaIHLF,1

IF [I --11-Y-211721- afd----
223 Mw0,S*H

ISTEPsO

Y(I)uO0OD390625ac80.O*AUX(N-.3, )*13S.0*AUXCN.2,l),M0.0*AUXCN.
3, j)I *ALJX(N.-4#1) ).0. I I?175*(AUX(N*6,Z)a6.gAUXCN+5,I) 

_____

AUX(NM.,I)a0.0039ra62S*(12
00*ALJKCN.1I,,)135*0,AUXCNn.iI)I- *1OS.0*AUX(N.3p1)gAUXCN.*4, ))-O.0234375w*CAUX(Ng6,x)___

AUX CN-3, I)nAUX (N-2, I)
22*4 AUX(NeadI,.AUX(N+Stl,

DELTuKý-(H.N)
CALL FCTCDELTYoERY)

AUXCN-2oI)nYcI) 150



A C A1459 I) UDERYCl

22S Y(I)SAUX(Nam4,I)

_CALL _FC1 CDFLIYFDCIO..---.-.. ").

L -- DELTuDELI #DELI #DELI

Ii I *I)CLI4DERVCR))

'I


